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ABSTRACT 
 
As the feature size of silicon-based information storage and processing components 
approach the atomic limit, molecule-based electronic components are being increasingly 
examined to extend the Moore’s law by utilizing the intrinsic characteristics of single molecules 
rather than the cooperative properties of bulk materials. Cobalt (II/III) tris(pyrazolyl)borate 
(CoTp2) species with various boron substituents have been synthesized and examined as 
candidate components for bistable molecular junctions. Specifically, Co[(pyrazolyl)3BC6H4R]2, 
where R = Br, CO2H, CH2OH, CHO, thiazolidine, and CH2NH(CH2)2SH were synthesized. 
Despite being high spin and paramagnetic, the CoTp2 species are robust enough to tolerate a 
variety of functionalization reactions, and undergo many organic transformations while the metal 
center and the first coordination sphere remain unaffected. 
These species undergo one-electron redox reactions to trigger a d-electron reorganization 
process. The electrochemical characterizations of all the species show slow kinetics in the 
oxidation process, whereas the reduction remains reversible across all the scan rates used. This 
result is consistent with the model that the spin reorganization from d
6
 high spin to low spin in 
the oxidized Co(III) state possesses a high kinetic barrier, which is advantageous in a bistable 
molecular junction to prevent unintended switching. 
A self-assembled monolayer of the thiol-substituted CoTp2 species was deposited on a 
gold surface. Diffuse-reflectance IR spectroscopy indicated that the molecules remain intact on 
the surface. A cyclic voltammogram of the surface-modified gold electrode shows a redox 
process consistent with the presence of a Co(II/III) couple. STM and AFM images of the 
surfaces were collected on samples prepared by depositing CoTp2 species with various 
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substituents (R= Br, thiazolidine, -CH2NH(CH2)2SH) on gold substrates using both solution and 
sublimation methods. Both the thiol- and thiazolidine-substituted species showed circular 
features of about 1-nm in height and 10-nm in diameter.  
Although randomly oriented CNT networks and polycrystalline graphene are easy to 
make and robust towards mechanical deformation, both materials suffer from resistive: at the 
intertube junctions in CNT networks and at grain boundaries in polycrystalline graphene sheets. 
In a process we have named “nanosoldering,” a conductive material is deposited at the resistive 
junctions by operating the device in an atmosphere of a chemical precursor. The resistive heating 
that occurs at the “bad” junctions induces a thermal CVD process. The conductive material that 
is deposited at these junctions improves the overlap between the two nanotubes and decreases the 
junction resistance. Two precursors were utilized for this method: CpPd(allyl) to deposit Pd(0) 
and Hf(BH4)4 to deposit HfB2. In the SEM images post treatment, deposition is observed on 
many intertube junctions as well as along the lengths of some tubes; the latter can be eliminated 
by selecting the appropriate experimental conditions. For treatment with the Pd precursor, the 
ION/IOFF ratio improved by a factor of 6 on average. On the other hand, no improvement was 
observed for samples treated with the HfB2 precursor due to the large mismatch in work 
functions between CNTs and HfB2, which creates a Schottky barrier.  
A solution process was developed to improve the scalability of the nanosoldering process 
by eliminating the necessity of using a vacuum system and volatile chemical precursors. To do 
so, a nanosoldering precursor is spin-coated onto the solid substrate. The nanosoldering process 
is conducted in a commercial available probe station either in air or under vacuum, after which 
the excess material and byproduct are removed by a solvent rinse. Using this method, we show a 
comparable degree of device performance improvement using a nonvolatile Pd precursor, 
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Pd2(dba)3. We also obtained improved device performance with a new carbon-based precursor, 
1,3,5-tris(2-bromophenyl)benzene. Finally, preliminary experiments were conducted on 
graphene devices, which showed that nanosoldering occurred along the grain boundaries without 
significant device degradation. 
The third portion of this thesis examines the design and synthesis of new lanthanide CVD 
precursors. Our group has synthesized a series of lanthanide tris(N,N-dimethylaminodiboranate) 
(Ln(dmadb)3) complexes and demonstrated their utilization as Ln2O3 CVD precursors. The 
mechanism of the salt elimination reaction that generates Nd(dmadb)3 was examined by 
11
B 
NMR spectroscopy. We found that the treatment of NdCl3 with three equivalents of Na(dmadb) 
in thf does not directly afford the tri-substituted product. Instead, a partial substitution takes 
place to make Nd(dmadb)Cl2(thf)x in solution; the second and third substitutions do not take 
place until the thf solvent is removed from the reaction mixture. The mechanistic study 
demonstrates that, contrary to what is normally assumed, the salt metathesis reaction is not 
always driven by the precipitation of the byproduct salt. In the present case, the monosubstituted 
Nd(dmadb)Cl2(thf)x is the thermodynamic product of the initial reaction, and the lattice energy of 
NaCl is not large enough to drive the subsequent substitution reactions. The Lewis basicity of the 
solvent plays a major role in the thermodynamics: thf can coordinate to the Lewis acidic 
lanthanide center and negate the energetic advantage of the coordination of the aminodiboranate 
ligand. With the aid of this insight, we were able to synthesize the carbon-free target species 
Nd(adb)3 by employing the less coordinating solvent diethyl ether. 
Finally, new volatile tris(2,2,6,6-tetramethylpiperidide)lanthanide complexes (Ln(TMP)3, 
Ln = Er, Tb) were synthesized by treatment with LnCl3 with three equivalents of Li(TMP) in 
toluene. The anionic TMP ligand is strongly basic and reacts with diethyl ether and 
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tetrahydrofuran, so that the syntheses of the target complexes is not successful in these solvents,. 
Attempts to synthesize Dy(TMP)3 by an analogous reaction does not afford a pentane soluble 
product. When the reaction products were extracted with diethyl ether, the dinuclear ethoxy 
complex [Dy(TMP)2(µ-OEt)]2 was obtained instead. Homoleptic Er(TMP)3 and Tb(TMP)3 both 
have trigonal pyramidal geometries, unlike previously reported Ln(TMP)3 species (Ln = Y, La, 
Ce), which were reported to have trigonal planar geometries. Closer inspection of the previous 
crystallographic refinements suggests that these structures should have been refined with 
pyramidal models as well. Both Er(TMP)3 and Tb(TMP)3 are volatile and sublime at 110 °C at 
0.1 Torr. When the crystalline samples are heated, a “popping” motion is observed that could 
either be due to a thermosalience transition or to an N-dealkylation process.  
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CHAPTER 1. Electron transport in molecular junctions  
1. Introduction 
In a 1965 paper, Intel co-founder Gordon Moore famously claimed:1 “[t]he complexity 
for minimum component costs has increased at a rate of roughly a factor of two per year... Over 
the longer term, the rate of increase is a bit more uncertain, although there is no reason to believe 
it will not remain nearly constant for at least 10 years.” This statement, which in 1975 he 
amended to doubling every two years, has described the development and business strategies of 
the semiconducting industry ever since. 
 
Figure 1.1. Semilog plot of number of transistors per die as a function of time. The dotted line 
indicates the Moore’s law prediction of doubling capacity every two years.2 
Although the “end of Moore’s law” predictions have been around for as long as Moore’s 
law itself, the semiconductor industry has been able to adhere closely to this trend over the 
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intervening 50+ years through continuous innovations in photolithographic techniques (Figure 
1.1). However, as feature sizes approach sub-10 nm, the required higher resolution 
photolithographic techniques become increasingly cost prohibitive. In addition, further 
improvements are starting to be limited by the fundamental physical constraints of the materials 
themselves. For example, the oxide layers conventionally used as a dielectric material exhibit 
current leakage at the small thickness required for high density complementary metal–oxide–
semiconductor (CMOS) devices.3 Moreover, silicon loses its bulk fundamental band structure 
when restricted to very small dimensions, which is a consequence of the atomic nature of matter. 
To overcome the challenges faced by CMOS technology and continue the technological 
advances embodied in Moore’s law, it is increasingly vital to investigate alternative materials 
and fabrication methods. 
The rise of molecular electronics. Single molecules have long been considered as 
possible active components for future nanoelectronic systems. First proposed by Aviram and 
Ratner in 1974, the idea of molecular electronics has attracted significant interest and blossomed 
into a truly multidisciplinary field of research.4 One objective of this research is to overcome the 
limitations of lithography through bottom-up self-assembly of functional devices. Another 
objective is to circumvent the fact that conventional materials lose their desirable bulk properties 
at very small scale by taking advantage of the intrinsic electronic properties of molecules. 
 To date, molecule-based devices have been designed and built whose functions are 
analogous to those of key components in CMOS technology, including diodes,5-7 transistors,8-12 
switches,5,13-15 and memory.16-19 By making larger assemblies of these molecular components, it 
is possible to create molecular logical devices capable of receiving, storing, and processing 
information using the same principles as those that govern their CMOS counterparts. Although 
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the results thus far have been crude owing to the difficulty of exerting reproducibly precise 
control over device assembly, they clearly demonstrate the feasibility and potential technological 
leap of this approach. 
Understanding of electron transport. In order to use molecules as device components, it 
is of paramount importance to understand the electron transport properties of single-molecules. 
In such investigations, some parameters of interest include the mechanism, kinetics, and 
efficiencies of electron transport as a function of various parameters (e.g. device dimension, 
temperature, voltage). This information makes it possible to design and tailor the molecules and 
their organization to maximize device performance under the desired operating conditions. For 
example, one may simply wish to maximize the current flow (molecular wire) or to restrict or 
amplify the current based on the voltage applied (transistors).  
An important parameter of interest is the coupling strength between a molecule and an 
electrode, which in turn depends on the energies of and overlaps between their frontier molecular 
orbitals. In this chapter, we will discuss how the molecule-electrode coupling affects the 
mechanism as well as kinetics of charge transport in both redox-active and redox-inactive 
molecular junctions. Building on these observations, we will discuss various strategies to 
improve their electronic properties by means of synthetic modifications of each component. 
 
2. Device geometries  
 The study of electron transport through single molecules (or small collections of 
molecules) is complicated by the difficulty of fully characterizing the chemical nature of 
molecules at an electrode interface. It can also be challenging to determine conclusively the 
number of molecules measured in each experiment, a factor that must be known in order to 
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obtain true single molecule values for electronic parameters. In order to minimize the number of 
variables that could affect the experimental results in single molecule studies, many device 
geometries have been reported. Here we briefly discuss two of the most popular configurations, 
break junctions and scanning tunneling microscopes.  
Break junctions.
20,21
 As its name would suggest, a break junction is an electronic device 
that is made by breaking a wire to generate two electrodes separated by a very thin gap (Figure 
1.2a). Break junctions provide a symmetric, spatially defined, and simple device that enables 
measurements on single molecules or small collections of molecules. The gap in the wire can be 
created by mechanical stress, chemical etching, or electromigration. Mechanically controllable 
break junctions (MCBJ) utilize a piezo-controlled pushing rod to apply stress to a wire 
suspended on a flexible substrate. In electromigrated break junctions, a large density current is 
passed through the metal wire to induce electromigration of metal atoms until breakage takes 
place. In both techniques, as the wire breaks, the separation can be controlled by monitoring the 
electrical resistance of the junction. The gap is then bridged by a molecule of interest by either 
vapor- or solution-based deposition methods, and the two metal wires are connected to a 
macroscopic electrical system.  
 
Figure 1.2. (a) Schematic diagram and SEM image of a mechanically controlled break 
junction.22 (b) Schematic diagram of a molecular device using STM.20 
 
(a) (b) 
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Scanning tunneling microscopy.
23 STM is a powerful imaging and spectroscopic tool able 
to achieve atomic resolution. It can be used to probe the electronic states of a surface by 
monitoring the tunneling current as a function of tip-surface voltage difference. To carry out 
electrical measurements in a STM instrument, the conductive tip is used as the auxiliary 
electrode (Figure 1.2b). The working electrode is often a conductive planar substrate bearing 
chemisorbed or physisorbed molecules, but other metallic substrates such as nanoparticles and 
microcantilevers can also be employed. STM is a non-contact method, which means that during 
device operation there is a very small gap between the molecule and the metallic tip. 
STM experiments can be carried out under atmospheric conditions, in ultrahigh vacuum, 
and at cryogenic temperatures. It can also be used to perform electrical measurements under 
various degrees of tensile stress.24 Unlike break junctions, the STM setup makes it easy to create 
asymmetric junctions (i.e., the two electrodes used to pass current through the molecule are 
different materials) that can be investigated in rapid succession in a single experiment.  
Three-electrode measurements. In the investigation of electron transport in molecules 
using either break junctions or STMs, additional information can often be obtained by including 
a third electrode whose purpose is to perturb the molecule under study by placing it in a 
controllable electric field.25 For example, in break junctions, this third electrode can be placed on 
the surface underneath the molecule, and the field created by applying a voltage to the gate 
electrode. Three-electrode devices make it possible to determine whether the molecule under 
study exhibits field effect transistor-like properties. Alternatively, electrolyte gating can be 
applied in a three-electrode electrochemical cell. In this case, the potential between working and 
reference electrodes is controlled to shift the Fermi energy of the electroactive species.25 
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3. Energetic change at the electrode-molecule interface 
 The placement of molecules between two electrodes is typically accomplished by using a 
functional group to anchor the molecule to the electrode surfaces. When the molecule and 
electrodes come in contact, charge reorganization takes place (i.e., a small amount of charge is 
transferred between the molecule and the electrodes) until the Fermi level for both electrodes lies 
in the molecule’s HOMO-LUMO gap, provided that the molecule-electrode energetic mixing is 
relatively weak compared to the intramolecular interaction within the molecule (Figure 1.3).26 If 
the molecule-electrode interaction is strong, the molecular orbitals become part of the band 
structure of the assembly, and lose their individual, separate characters. Every electronic 
property of the resulting device is a consequence of how well matched the frontier molecular 
orbitals are to the Fermi level of the contact electrodes, both in energy and spatial overlap. Using 
this principle, it is possible to tailor these properties to maximize the device efficiency by 
adjusting the relative energy levels and orbital symmetry through synthetic design. 
 To illustrate the electronic nature of molecule-electrode interactions, we will discuss the 
alkanethiol-on-gold system. The Fermi level of a noble metal is at an energy of ca. -5 eV, 
whereas the HOMO of an alkane is typically at -7 eV (Figure 1.4).27 Upon contact and 
reorganization, the molecular orbital level that lies the closest to the Fermi level of the electrode 
will dominate the transport. In the alkanethiol-gold pair, hole transport via HOMO is the 
predominant charge transport mechanism. Conversely, in a system in which LUMO is closer in 
energy to the Fermi level, electron transport will dominate.  
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Figure 1.3. (a) Schematic drawing of a molecular junction, in which orange arrows indicate 
electronic coupling between molecular MOs and the electrode, and the black arrows indicate the 
intersite couplings along the molecular chain; (b) molecular orbital equivalent of 1.3a, including 
effect of reorganization that allow Fermi levels to lie in the HOMO-LUMO gap.26 
 
Figure 1.4. (a) Schematic representation of the geometry and calculated energies of the frontier 
orbitals in octane. (b) Relative energies of saturated alkane chains compared to the Fermi level of 
metallic gold surface.27 
 
  
(a) (b) 
(a) (b) 
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4. Charge transport in molecular wires 
 In a molecular wire, which serves to conduct current from one electrode to another, it is 
generally agreed that charge transport proceeds by one of two conduction mechanisms: tunneling 
(of which there are two variants) and thermally-activated hopping. The mechanism depends on 
the strength of coupling between the molecule and the electrodes. If the coupling is very weak 
due to a large energetic mismatch, such as in the alkanethiol-gold case, a tunneling mechanism 
dominates. If the electronic states of the molecule and electrodes overlap significantly, such as in 
π-conjugated chains whose HOMO and LUMO levels lie close to the Fermi level of the metal 
electrode, the hopping mechanism becomes available.20,23,28 It is fairly straightforward to 
differentiate between these mechanisms by examining the temperature, voltage, and length 
dependences of the current (Table 1.1).  
Table 1.1. Summary of conduction behavior based on mechanism29 
Conduction mechanism Temperature dependence Voltage dependence 
Direct tunneling None I ~ V 
Fowler-Nordheim tunneling None ln  ~
1
 
Hopping conduction ln  ~
1

 I ~ V 
 Tunneling. Tunneling is a quantum mechanical process by which a particle can penetrate 
a classically forbidden region of space—in this case, a barrier resulting from the lack of 
energetically accessible frontier orbital between the two electrodes (Figure 1.5a). There are two 
regimes in tunneling: direct tunneling and Fowler-Nordheim tunneling. Direct tunneling takes 
place when the applied voltage between the two electrodes is much smaller than the barrier 
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height; Fowler-Wordhein tunneling takes place when the applied voltage is comparable to the 
barrier height. The two regimes have similar but differentiable I-V characteristics (Table 1.1).  
 
Figure 1.5. Schematic diagram of charge transport via (a) tunneling and (b) thermally activated 
hopping processes. The striped and blank regions of the column depict the metal electrode’s 
filled and empty states, respectively, and divided by the Fermi level.  
The tunneling mechanism dominates when there is a large mismatch between the frontier 
orbitals of the molecules and the Fermi level of the metal electrode. Even when the energies are 
relatively similar, tunneling still takes place when the conductive path is relatively short. This is 
because, in electron transport via tunneling, the conductance value decreases exponentially with 
increasing molecular length:22 
 ∝ (−) 
where L is the physical length of the chain and β is a decay constant whose value depends on the 
degree of π conjugation, the HOMO-LUMO gap, and the energy difference between the metal 
electrode and the molecular orbital. The numerical range of β is between 0.7 to 0.9 Å-1 for alkyl 
 
 
 
 
 
 
 
   
 
 
(a) (b) 
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chains and between 0.2 and 0.5 Å-1 for π-conjugated molecules. In addition to this length 
dependence, direct tunneling is a temperature-independent process.  
 Thermally activated hopping. In long π-conjugated molecular wires or other molecular 
conductors with energetically accessible frontier molecular orbitals in the conduction path, 
charge transport proceeds by means of a hopping process, in which the electron travels by 
temporarily occupying spatially adjacent MOs along the path (Figure 1.5b). The rate of the 
hopping depends on temperature, because nuclear motion can generate favorable geometric 
reorganization to facilitate the migration of charge.30 The charge transport mechanism in 
molecular wires often changes as a function of wire length. In oligothiophene molecules, for 
example, the mechanism switches from tunneling to hopping around 5.6 nm.31  
The conductance of the hopping mechanism follows an Arrhenius relation: 
 ∝ exp	(−
) 
where kB is the Boltzmann constant, T is the temperature, and Ea is the hopping activation 
energy. Because the hopping mechanism essentially involves changing the electronic states of 
each hopping site, the rate and conductance depend on the energy difference between these states 
and how much geometric reorganization is necessary to switch between the two states (Figure 
1.6). That is, the activation energy is the sum of the energy difference between the ground states 
of the neutral and cationic species and the nuclear relaxation energy (Ea = ∆E + λ+). The hopping 
mechanism is also characterized by a weak length-dependence that results in conductance that 
scales linearly with the inverse of molecular length. 
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Figure 1.6. A Franck-Condon perspective of the factors that dictate the charge transport rate via 
thermally-induced hopping.32 
 
5. Charge transport in redox active molecular junctions 
Many organic and organometallic species have two or more energetically accessible and 
commutable oxidation states; incorporation of these redox active components into a molecular 
junction affords a wealth of possible functionalities and new charge transport characteristics. 
Because different oxidation states may lead to vast differences in electronic properties, 
electrochemical processes can provide switching capabilities. Additionally, these low lying redox 
states are the source of many interesting electronic phenomena that are analogous to silicon 
based devices, such as negative differential resistance, rectification, and gating. In this section, 
physical descriptions and some parameters that affect the charge transport of redox active 
junctions are discussed.  
 Voltage dependence of redox active molecules. Charge transport involving redox active 
molecules is more complex than that exhibited by their redox inactive analogues because it 
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typically involves higher energy excitation and relaxation processes. An important energy term is 
the reorganization energy for the molecule, which is the energy required to achieve nuclear 
rearrangement that accompanies the ET process. This term includes both intramolecular and 
environmental contributions. Intramolecular reorganization reflects changes in molecular 
geometry between the oxidized and reduced states. The environmental contribution often 
dominates in electrochemical experiments but is less apparent in condensed-phase experiments. 
As described previously, in junctions between metal electrodes and a redox-inactive 
molecule, the energy levels reorganize so that the Fermi level of the electrodes lies between the 
energies of the frontier orbitals of the molecule. In a redox active molecular junction, the Fermi 
levels are situated between the free energies of the reduced and oxidized forms of the molecule, 
in which case electron flow can be induced in at least three ways: 
1. A bias voltage, or the electrical potential difference, is applied between the two 
electrodes that causes the Fermi energy of one electrode to be equal to the redox level of 
the molecule. 
2. Environmental nuclear fluctuations occur that allow the molecule to temporary trap an 
electron, after which it is transmitted to the positively biased electrode. 
3. In a 3-component system containing source, drain, and gate electrodes, the Fermi level of 
the working electrode can be aligned with the molecule’s redox level using the source-
gate voltage (i.e. the application of an overpotential). 
Electron transport in a redox active molecular junction exhibits two kinds of behavior. One kind 
of behavior is observed when the bias voltage between two working electrodes is small 
compared to the overpotential (ξ) and reorganization energy (Er).  
| !| < #	– %& 
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where γ and η are the fractions of bias voltage and overpotential “felt” by the redox state of 
interest, and e is the charge of the electron. In this regime, electron transmission occurs over only 
a narrow energy range. As the overpotential is increased, the cathodic current first increases and 
then drops when the reduced level is trapped below the Fermi levels, halting current flow 
(Figure 1.7a). As the overpotential increases, the energy of the oxidized level of the molecule 
moves in between the Fermi levels, leading to a second wave of ET and negative differential 
resistance (NDR) behavior.  
 In a second scenario, the bias voltage between the two electrodes is large compared to the 
overpotential and reorganization energy (Figure 1.7b). In this case, it is possible to 
accommodate both oxidized and reduced levels between the Fermi levels at high enough 
overpotential. In this situation, the junction exhibits rectifying behavior, going from low, 
thermally activated, and strongly bias voltage-dependent current at small Vbias to high, activation-
less, and voltage-independent current at high Vbias. This different behavior could be the reason 
that redox active molecules are observed with high contrast within a certain voltage range in 
STM and but with poor contrast outside the window.  
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Figure 1.7. Charge transport in redox active molecule in (a) low and (b) high bias voltage 
regimes compared to the energy associated with the molecule’s redox process. εFL, εFR represent 
the Fermi levels of the left and right electrode. εox, εred correspond to the equilibrium free 
energies of the oxidized and reduced states of the molecule.33 
 Charge transport kinetic parameters for redox active compounds. A redox process can be 
seen as a secondary event in the charge transport process. Charge transport in junction devices 
constructed from redox active molecules can often be treated as a three-step process, in which 
the electron first reaches the transition metal center to trigger the redox process, the molecule 
relaxes fully, and then the electron is transferred to the acceptor electrode.34 This mechanism 
operates when the bias voltage Vbias is smaller than the reorganization energy. 
 To understand charge transport in redox active junctions, we examine the current output 
as a function of the kinetic parameters. In a two-step process, the current is dependent on the rate 
constants for charge transport from the source electrode to the molecule (klm) and that from the 
molecule to the receiving electrode (kmr).  
(a) (b) 
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 = )*++, (if klm << kmr) 
Because the redox event involves a vibrational transition in addition to an electronic one, we may 
simplify the equation by assuming that the first process is the rate limiting step in strongly 
coupled systems, and that vibrational relaxation is significantly slower than the electronic 
transition (klm << kmr). We will first examine the kinetics of the process. The rate constant of the 
redox event, in both strong and weak coupling limits, can be expressed as: 
+, =	
.*//
20 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 ] 
where ωeff is the effective vibrational frequency for all local and environmental nuclear modes 
reorganized in the electronic transition, η is the overpotential, kB is the Boltzmann’s constant, 
and T is the temperature. 33,34 The parameters ξ and γ represent the fraction of substrate potential 
and bias voltage drops, respectively, at the redox site.  
The rate constant equation offers some insight into the factors that maximize the charge 
transport rate: it is maximized by low reorganization energy, high overpotential, high bias 
voltage between the working electrodes, and high temperature to promote the thermally activated 
process. However, too high an applied voltage could cause thermal degradation of the device. 
Practically speaking, the easiest way to maximize the charge transport rate is by minimizing the 
reorganization energy. A redox couple with the least amount of geometric and electronic 
reorganization—alternatively, one with the lowest kinetic barrier—should produce the fastest 
process. Incorporation of environmental conditions that facilitate the dissipation of energy, such 
as a solution, also lowers the reorganization energy. 
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However, a fast charge transport process is not always advantageous. Redox couples with 
low kinetic barriers also lead to lower persistence of the excited state and more frequent 
stochastic switching during normal operating conditions. These attributes are undesirable in 
devices for which the lifetime of the excited state should exceed the timescale of the experiment, 
such as in memory storage applications. These are factors to consider during design of a redox 
active molecular junction. 
 Besides the rate constant, another parameter that affects the current output is the number 
of electrons involved in the charge transport (nel). Returning to the previous equation: 
 = )*++, 
)*+ =  !Δ5  
where ∆ε is the energy decay for each electron that is transmitted. ∆ε is small when the molecule 
is strongly coupled to the electrodes, giving a larger nel (>>1) value which means many electrons 
are transferred before the molecule fully relaxes to the ground state of the new redox level 
(Figure 1.8a). When the molecule and electrodes are weakly coupled, ∆ε is large and nel is 
typically equal to 1; i.e., a single electron is involved in the redox event (Figure 1.8b). 
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Figure 1.8. Schematic diagram of the redox process in (a) strong and (b) weak coupling limits. 
In strongly coupled systems, many electrons pass through the device before the molecule reaches 
ground state because electron transfer is fast compared to nuclear relaxation. In the weak 
coupling limit, where electron transfer is slow, only one electron takes part in the process.  
 For a redox active molecular junction in which there is significant coupling between the 
molecule and the electrodes, we can construct a physical description of a voltage-triggered redox 
event. When a bias voltage is applied to align the Fermi level of one electrode with the excited 
state energy of the molecule, an electron moves to occupy the empty excited state. Because the 
electronic coupling between the molecule and electrodes is strong, the electron transport is fast 
compared to the nuclear relaxation of the molecule to the ground state of its new oxidation state. 
As a result, a large number of electrons—up to several hundred—is transported through the 
device before the molecule reaches the ground state and current ceases (Figure 1.9). 
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Figure 1.9. The current-voltage characteristic of a redox event. (a) The device is at a low 
conductance state when the targeted state is far from the Fermi levels of the electrodes. (b) When 
the Fermi level reaches that of the molecular level by a bias voltage, charge transport takes place 
and the device reaches a high conductance state. (c) The device returns to the low conductance 
state when the molecular level relaxes to its electronic ground state of the new redox state.9 
Conductance switching. One of the interesting consequences of redox active charge 
transport is the hysteretic I-V characteristic that is occasionally seen. Although there are many 
hypotheses about the origin of this phenomenon, it is generally thought to be caused by 
temporary charging of the conduction orbital. 19,35-38 For example, ruthenium(II) terpyridine 
complexes show an onset of the high conductance state at Vbias ~ 1.7 V in the positive sweep 
direction.17,39,40 In the reverse sweep, however, the conductance does not “switch off” until Vbias 
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~ 1 V (Figure 1.10a). The hysteretic character is likely due to the charging of the ligand-based 
LUMO at Vbias ~ 1.7 V (Figure 1.10b). When the LUMO is partially occupied, the MO energies 
shift to lower energy (step C), allowing the high-conductance state to continue to some point at 
the reverse sweep (step D). This type of switching behavior could be the basis of incorporating 
transistor-like function into molecular devices.  
  
Figure 1.10. (a) Current-voltage characteristic of a [Ru(tpy)3
2+] species (inset). The high 
conductance state is triggered at V ~ 1.7 V in the positive sweep direction. In the reverse sweep, 
the high conductance persists until V ~ 1.0 V. (b) Schematic diagram for the proposed 
mechanism of this hysteretic conductance switching.40 
 
6. Tailoring the charge transport of molecular junctions through synthetic design 
 One of the main advantages of using bottom-up, molecule-based assembly to fabricate 
electronic devices is the ability to control electronic parameters by rationally modifying these 
components. Ostensibly, a molecular junction is an electrode-molecule-electrode contact. The 
molecule part of the junction is roughly composed of two parts: one serves to affix itself to the 
metal electrode and to provide a conduction pathway (i.e. molecular wire and anchoring group) 
(a) (b) 
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and the other to introduce functionality to the device. In this section, we will discuss strategies to 
produce desired electronic capabilities by synthetically modifying each component of a 
molecular junction. 
Type of electrode. Metallic gold is a popular choice as an electrode material owing to its 
chemical stability, high conductivity, well-developed fabrication protocols, and it ability to serve 
as a substrate for molecular self-assembly. However, molecular self-assembly is not unique to 
gold. Because an important factor in molecular junctions is the Fermi level of the electrode and 
its alignment with the energy levels of the molecule, many other noble metals have been 
investigated as electrode materials. The work functions of these metals are shown in Table 1.2. 
In systems for which charge transport occurs by means of the molecular HOMO, an electrode 
with a higher work function should have a better energy match and will give molecular junctions 
with higher conductances (Figure 1.11). On the other hand, if charge transport is largely 
mediated by the molecular LUMO, an electrode with a lower work function should produce 
higher conductances. For example, Pt-thiol junctions give conductances that are an order of 
magnitude higher than Au-thiol junctions, because the charge transport mechanism occurs 
largely via the thiol LUMOs.41,42  
Table 1.2. Some noble metals and their work function values. 
Metal 
Work function 
(eV) 
Ag 4.26 
Au 5.10 
Pd 5.12 
Pt 5.65 
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Figure 1.11. (a) The semilog plot of contact resistance of alkanethiol molecular junctions as a 
function of the metal electrode work function. (b) The current attenuation parameter (β) as a 
function of the metal electrode work function.43 
 The conductance of a device is dependent on both the energetic match (which will be 
described in the subsequent section) and the spatial overlap of the orbitals between the anchoring 
group and the electrodes. For example, gold is a group 11 element whose valence band has 
strong s-orbital character; therefore, σ bonds dominate the interaction between the gold surface 
and the anchoring groups. On the other hand, Pd and Pt are group 10 elements with significant d-
orbital characteristics, which can form π bonds to the ligands. The π backbonding interaction in 
these systems allows both stronger bonds and provides an additional conduction orbital. 
Type of anchoring group. The choice of anchoring group greatly affects the conductance 
of the resulting molecular junction. Because metallic gold electrodes have been most extensively 
studied, in this section we will discuss the choice of anchoring group on gold. However, the 
same principles could be applied to selection of any anchoring group-electrode pairing. In 
general, a good anchoring group candidate (1) forms strong bonds with the electrode and (2) 
provides a stable geometry and thus a narrow conductance distribution in a given device.21 
Gold-thiol pairings have been popular because of the high binding energy and the well-
understood self-assembly process. When in contact with the gold surface, the thiol-
(a) (b) 
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functionalized molecule undergoes an oxidative addition to form an Au-S bond, releasing 
molecular hydrogen:44 
RSH + Au0· → RS-AuI + H· 
The strength of the Au-S bond is about 45 kcal/mol; in comparison, an average covalent bond is 
about 80 kcal/mol. This interaction allows attachment of chemical species to a surface and 
provides stability during electronic conduction and possible electrochemical change. Despite this 
strong interaction, several key disadvantages of the gold-thiol pair have prompted active 
examination of novel anchoring groups. For example, the sulfur acts as a resistive spacer group 
due to the energetic mismatch with the gold surface. Another issue is that there is a number of 
possible bonding geometries for the Au-S interaction, leading to variable conductance.45  
A different type of surface-molecule anchoring interaction is also possible: dative 
bonding, in which the molecule is uncharged and uses a lone pair to bond to the surface. This 
type of interaction is observed for groups such as amines, nitriles, and phosphines.46-49 For 
datively bonded molecules, the interfacial geometry tends to be insensitive to the local 
environment such as surface defects, allowing consistent and well-defined interfacial contacts.50-
53 However, the anchoring groups that utilize dative bonds produce significantly weaker 
interaction with the metal surface than ones that form covalent bonds, leading to lower stability 
and conductance (Table 1.3).  
Besides thiol groups, many other functional groups can bind to gold.54 As the strengths of 
the interaction between the anchoring group and the electrode surface increases, the conductance 
increases also (Table 1.3). The β value (which describes the exponential decay in conductance 
with increasing chain length) is relatively independent of the anchoring group (Figure 1.12a). 
These observations show the two distinct electronic factors that improve the electronic coupling 
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of the molecular junction remain relatively unaffected by each other: (1) the anchor-electrode 
contact and (2) the coupling between electrode and the body of the molecule that makes up the 
remainder of the conduction path.55 One possible explanation for this is that the HOMO-LUMO 
gap of aliphatic chain is sufficiently large (8-10 eV) such that altering the energetic match of 
MO-Fermi level does not bring the junction near enough to observe more hopping 
characteristics. As discussed previously, the interaction of these anchor-electrode pairings can be 
further improved by π-backbonding.  
Table 1.3. Conductance of alkane molecular junction as a function of anchoring group. HC 
denotes averaged value measured in the high conductance state. TH and AT denotes the two 
possible geometric configuration of anchoring group binding.23 
Anchoring group Molecules Contact conductance Binding energy (eV) 
Thiol56 HS(CH2)nSH G = 0.6 (HC) β = 1.01 1.7 (TH) 1.2 (AT) 
Phosphine49 Ph2P(CH2)nPPh2 G = 0.072 β = 0.98 1.0 
Thiocyanide41 NCS(CH2)nSCN G = 0.10 (HC) β = 1.01 0.8 (TH) 1.1 (AT) 
Amine48 H2N(CH2)nNH2 G = 0.035 (HC) β = 0.93 0.7 
Carboxylic acid56 HOOC(CH2)nCOOH G = 0.007 (HC) B= 0.81 0.17 
The anchoring group influences charge transport of the molecular junction in two 
additional ways. First, an anchoring group adjusts the Fermi level of the electrode it is bound to. 
For a molecular junction in which charge transport is mediated by the molecule’s HOMO, 
photoelectron spectroscopy shows that the conductance increases as the energy of the Fermi 
level of the electrode more closely matches that of the molecular HOMO. Consequently, an 
electron donating group, which lowers the Fermi level and brings it closer to the HOMO energy, 
improves charge transport. On the other hand, an electron withdrawing group would do the 
24 
 
opposite and facilitate electron transport via the molecular LUMO (Figure 1.12b). In addition to 
modifying the conductance, an asymmetric charge transport and diode behavior can be induced 
by installing different anchoring groups on each end of the molecule. 5,57 
 
Figure 1.12. (a) Conductance of alkane as a function of chain length and anchoring group using 
gold electrode on a logarithmic scale. The β value is determined the slope of each data set. The 
roughly parallel lines suggest that β is unaffected by the nature of the anchoring group.56 (b) 
Calculations of wavefunction change in Au(111) electrodes as a function of various anchoring 
groups attached to a biphenyl species.58 
 Finally, because conductance of the molecular junction is proportional to the anchor 
group-metal bond strength, another strategy to improve the conductance is to use multiple 
anchoring points to increase the molecule-electrode interaction. For example, a carbondithiolate 
(-CS2H) group or a tripodal pyridine unit could allow both stronger interaction with the surface 
and higher control over the molecular orientation.59,60 
 Type and length of the molecular wires. The effects of the molecular tether on the 
electron transport mechanisms and efficiencies have been discussed at length in Section 4. To 
(a) (b) 
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summarize, molecules (such as alkanes) with large HOMO-LUMO gaps and large Frontier 
orbital energy mismatches with the contact electrodes tend to transport current by the tunneling 
mechanism, in which the conductance decreases exponentially with length. Molecules such as π-
conjugated molecules with more moderate HOMO-LUMO gaps and whose frontier orbitals are 
closer in energy to the electrode’s Fermi level could either undergo thermal hopping or 
tunneling, depending on the conduction length. A transition from tunneling to thermal hopping 
as the conduction length increases has been observed in several systems (Figure 1.13b). 21,31 
 
Figure 1.13. (a) Schematic representation of hopping transport in a metal-molecule-metal 
junction and the structure of the molecular wire of interest. (b) Semilog plot of measured 
molecular wire resistance as a function of length. A mechanism transition onset from tunneling 
to hopping is observed between n = 4 and n = 5.31 
 Analogous to how an anchoring group can modify the Fermi level of a metal more 
closely match the energy of the molecule’s frontier orbitals, the same phenomenon can affect the 
molecule itself. For instance, in devices where electron transport is mediated by the HOMO, 
electron-donating substituents can be used to increase the HOMO energy and more closely 
(a) (b) 
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match the electrodes’ Fermi levels. Conversely, electron-withdrawing substituents produce the 
opposite effects.61,62 
Transition metals in molecular wires. Early investigations of molecular devices focused 
on organic molecules due to their tunability and robustness, but more recently some researchers 
have turned their attention towards transition metals such as iron, cobalt, and ruthenium.7,36,63-66 
The use of transition metal complexes in molecular junctions could greatly increase the 
versatility of the synthetic toolkit, which allows the energy and geometry of the frontier orbitals 
involved in charge transport to be tuned to greater precision.67 In addition, transition metal 
complexes provide stable building blocks and new synthetic routes to construct oligomeric 
assemblies, including those in tandem with other organic and organometallic species.  
The incorporation of transition metals in molecular junctions consistently increases their 
charge transport rate and decreases the distance dependence of the electronic transmission.65,68-72 
These results can be rationalized in two ways. First, the metal provides an additional conduction 
orbital; but if this orbital is too low in energy, the metal center could trap the charge and impede 
the transport process. Second, the metal’s d-orbitals make it easier to match the energy of the 
molecule’s frontier orbital to the electrode Fermi levels. As observed with chemical modification 
of other device components, incorporation of transition metals into a molecular wire increases 
the conductance but does not significantly alter the charge transport mechanism.73  
Rectifying behavior. Another unexpected benefit of using transition metal complexes in 
molecular junctions is the ability to induce asymmetric charge transport using very simple 
coordination chemistry. For example, rectifying behavior has been observed in ruthenium 
complexes with a permanent dipole moment.66 The asymmetric nature of the anchor groups leads 
to a preferential binding orientation of the molecular wire between electrodes. When the dipole 
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moment has a projected component pointing towards the grounded STM tip, the Fermi energy 
level between the electrodes will show an uneven line up (Figure 1.14). Therefore, a smaller 
voltage is needed to facilitate charge transport in the positive bias direction than in the negative 
direction. This is an example of how synthetic design of the molecule could manifest in 
interesting properties in the resulting molecular junction. 
 
Figure 1.14. (a) A dipole component that is projected towards one electrode over another could 
create asymmetric Fermi levels between the two electrodes, such as an electron withdrawing 
ligand on this ruthenium fragment (inset). Because the left electrode has a higher Fermi level, a 
smaller positive bias is required to reach high conductance state (b) than a negative bias (c), 
resulting in rectifying behavior.66 
  
(a) (b) (c) 
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 Increase persistence of excited state. It is not always advantageous to have facile charge 
transport across a device. When the utility of the device lies in switching between multiple 
metastable states, such as in information storage, the persistence of each state becomes 
important. Redox active species are frequently utilized in this application because of the 
instrumental simplicity of a voltage-triggered redox process and the general thermodynamic 
stability of various molecular redox states. However, several factors could contribute to 
unintended randomization of the intended states, including environmental relaxation and 
electronic communication between the redox center and the metal electrodes. 
Stochastic switching between the ground and excited states of a molecule can be 
minimized by increasing the kinetic barrier connecting these states. The redox inactive part of 
the molecule can often be modified to increase this barrier. For example, longer tethers are 
correlated with longer persistence of the redox active states of molecules connected to electrode 
surfaces (Figure 1.15).10,17,19,74 Also, increasing the energy level mismatch between the molecule 
and the surface, for example by employing a thiol anchor or a methylene group in a π-conjugated 
chain, can also disrupt the charge transport and increase the persistence of the excited state.10,75  
However, a large energy mismatch also leads to higher junction resistance, so that a 
higher bias voltage is required to trigger a switching process; such higher voltages can lead to 
faster degradation of the device. A large switching barrier may also result in significant slowing 
of the rate at which a bit of information can be written, which may be disadvantageous to the 
device performance.  
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Figure 1.15. The effect of molecular tether and anchoring group on the onset voltage and 
persistence of the excited state in Fe(tpy)2
2+ complexes. Time-dependent current shows the 
retention is improved by more than 5 orders of magnitude by adding a phenyl spacer and a thiol 
acetate anchoring group to the tether.10 
 Multibit switching. In many applications, it is advantageous to have more than two 
metastable states per bit, because this feature provides a mechanism to further decrease the area 
needed to store a bit and thereby increase the capacity of a device. In studies of redox active 
molecular junctions, many approaches have been taken to achieve ternary, quaternary, or higher 
numbers of states per molecule. The most direct method to achieve this goal is to employ an 
electroactive component that has more than two stable oxidation states. 38 Another approach is to 
covalently couple two redox-active components, such as a transition metal and a non-innocent 
ligand or a bimetallic complex, and addressing the two redox centers individually.36,64,76,77 It is 
also possible to couple a redox center to a ligand that can be switched using a different stimulus, 
such as photoisomerization, to induce a different electrical output.78,79 Finally, assemblies of two 
or more redox-active species with distinct properties can allow multi-bit capabilities.18  
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 Tuning redox potential by substituents. In some cases, it is necessary to adjust the redox 
potential of a metal center in a molecular junction in order to improve conductance, better 
resolve two redox events, to match redox event to a certain voltage window, or for other 
purposes. A common approach is to tune the redox potential by changing the substituents on the 
coordinated ligands. For example, Ru(II) polypyridyl complexes show electrochemical stability 
and bistable switching that are desirable in molecular junctions. Unfortunately, the unmodified 
complexes have a redox potential of about +1.1 V vs. SCE, which is outside the window within 
which Au-S junctions are stable (-0.4 to +0.8 V vs SCE). 70,80 Incorporation of electron-donating 
substituents, such as pyrrolidine, can shift the redox potential to less positive potentials. This 
strategy has been used to modify a Ru(terpyridine)2
2+ junction so that it can undergo redox 
reactions in a desired voltage range.63  
 
7. Conclusions 
 The development of molecule-based electronic devices could lead to significant advances 
in the power and speed of computers, because CMOS based technology will eventually approach 
its technological limit. Molecular building blocks offer vast structural and chemical diversity that 
could optimize the electronic parameters for the intended utility of the device. Molecular 
junctions that mimic the function of current electronic components, such as diodes, switches, and 
transistors, have been demonstrated. 
 In order for molecule-based electronic components to become useful, it is essential to 
understand and control the charge transport mechanism, kinetics, and efficiency on the molecular 
level. The fabrication and characterization of molecule–based devices are non-trivial matters, 
and many configurations have been proposed to obtain good experimental results in single 
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molecule or few-molecule measurements. From these observations, the correlation of chemical 
variations with the electronic parameters of the resulting device can be systematically examined. 
 The mechanism, kinetics, and efficiency of charge transport in molecular devices are 
intimately correlated to the electronic coupling between the electrode and molecule. By 
examining their relative energies and spatial orientations, rational synthetic design can tailor the 
device to its intended use. For example, the choice of metal used in the electrode can affect the 
electrode-molecule coupling. Metals with higher work functions better facilitate HOMO-
mediated charge transport, while those with lower work functions are better suited for processes 
that use the LUMO as the conduction orbital.  
 The molecular component in the junction consists of two parts: one to allow surface 
attachment and the other to provide functionality. To affix the molecule to an electrode, the 
electroactive molecule is covalently bonded to an anchoring group and an inactive tether 
(molecular wire). Selection of the proper anchoring group is important in optimizing the device. 
Generally speaking, a strong electrode-anchoring group interaction results in higher conductance 
in the device. Based on the electrode material, available p orbitals on an anchoring group could 
further facilitate conduction through π-backbonding. Finally, functional groups with multiple 
points of attachment could further promote facile charge transport in the device. 
 Depending on the conduction mechanism, the molecular wire may facilitate charge 
transport in addition to tethering the electroactive component to a surface. The effect depends on 
how well matched the tether’s frontier orbitals are with the Fermi levels of the electrode. 
Synthetic modifications can change many electronic parameters in a device, but the charge 
transport mechanism is largely dictated by the tether.  
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 Charge transport in molecular junctions that contain redox active components can be 
considered a multiple-step process. In the first step, the electron arrives at the electroactive center 
and triggers the redox event. The rate of this step is dependent on the excitation energy input 
compared to the kinetic barrier between the two oxidation states. The subsequent steps involves 
conduction along the remainder of the molecular component, and then from the molecule the 
other electrode. Typically, the redox event and the associated relaxation processes determine the 
charge transport rate and efficiency of the device. The physical description of charge transport in 
redox active molecular junction is based on the coupling strength between the molecule and the 
electrode. If the redox center is used in a switching or memory capacity, it is possible to 
synthetically incorporate multiple states into one molecule.  
 Transition metal complexes provide yet another new dimension of synthetic versatility in 
the fabrication of molecular junctions. The coordinating ligands can be used to tailor the 
electronic parameters of the metal complex and to add new functionality to the device. In 
addition, transition metal complexes often provide multiple energetically accessible, 
commutable, and thermodynamically stable oxidation states. The energetic parameters of their 
redox processes, such as the kinetic barrier and the redox potential, can be modified using well-
established synthetic chemistry. 
 In order to construct molecular devices with more complex architectures and 
functionalities, it is essential to understand how they work at a fundamental level. Substantial 
progress has been made in this direction and many significant experimental improvements have 
been accomplished based on these investigations. The promise of molecular electronics will be 
fully realized only upon the convergence of a strong theoretical understanding of charge 
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transport, the full use of synthetic chemistry and macromolecular assembly, sophisticated 
fabrication protocols, and the ability to acquire accurate and reproducible measurements.  
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CHAPTER 2. Modular functionalization of redox-active and paramagnetic Co(II) species 
for application in molecule-based memory devices 
 
1. Introduction 
Rapid advances in lithographic methods have enabled the miniaturization of silicon-based 
information storage and processing at a steady rate for the past fifty years. As the feature size 
approaches the atomic limit, however, new materials and fabrication methods must be developed 
to extend this trend in device miniaturization. Molecule-based systems in particular have the 
potential to circumvent the practical size limitation of the existing top-down approaches, and to 
surpass the performance of existing technology by utilizing the intrinsic characteristics of single 
molecules rather than the cooperative properties of bulk materials. The development of 
molecule-based devices and physical descriptions of their charge transport processes are 
discussed in Chapter 1. 
Molecular bistability, the phenomenon in which a molecule possesses two commutable 
states, could provide the basis to replace transistor-based memory in current devices and achieve 
significant improvements in storage density.1 Specifically, 0’s and 1’s can be encoded in a 
bistable molecule, with switching between the two states driven by an appropriate external 
stimulus. Many different bistable mechanisms have been investigated.2,3 To employ bistable 
molecules in memory devices, it must be possible to control and read the molecular states 
externally. Several additional requirements must be met, however, before a molecular memory 
device will be practical:  
 A persistent metastable state. In order to achieve the readout process, the molecule has to 
remain in the intended state under the operating conditions and time scale of the experiment. 
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Two factors contribute to the persistence of the bistable parameter. First is the intrinsic kinetic 
barrier between the two states. The barrier is important in preventing stochastic switching of the 
molecules in the absence of any stimulus due to the background thermal energy.4,5 As discussed 
in Chapter 1, the kinetic barrier can be enhanced by synthetic design of the electroactive 
molecule at the cost of a decreased switching rate. A second contribution comes from the 
probing method. If a high energy probe is used, it is more likely to inject enough energy into the 
system to overcome the kinetic barrier and randomize the state. 
 A rapid switching process. A fast switching rate leads to enhanced performance of the 
computing device. The time scale for molecular switching processes varies greatly and is 
intimately connected to the kinetic barrier between the two states. For example, the molecular 
shuttling mechanisms of rotaxanes (k ~ 10-1 s-1) take significantly longer than typical redox 
processes (103 to 105 s-1 for surface bound species and ~1012 s-1 for intramolecular electron 
transfer in Robin-Day class II type compounds).6-10 In comparison, typical non-volatile flash 
memory can be switched with rates on the order of 106 s-1.11 Because the rate of the switching 
process is (approximately) inversely related to the intrinsic persistence of the molecular excited 
state, both parameters should be optimized for the intended use of the device. 
Robustness against read-write-erase cycles and operating conditions. One of the 
disadvantages of molecule-based devices is that molecules are fundamentally more delicate than 
their lithographically fabricated counterparts. In CMOS based devices, nonvolatile and volatile 
memories are expected to endure up to 105 and 1016 cycles of use, respectively.11,12 Although 
molecular bistability can be a robust process in bulk ensembles, it is currently unusual for a 
molecular device to survive thousands of cycles before failure.13-15 This limitation is in part an 
engineering challenge; for example, molecular degradation can be minimized and cycle life can 
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often be extended by improving heat dissipation. Good thermodynamic stabilities of the two 
states will help ensure that the molecule resists decomposition during repeated write-read-erase 
cycles. Additionally, the molecular species should be stable to air, water, and heat (or protected 
from these agents) during the fabrication, handling, and operation of the device.  
 High resolution readout and input methods. Many stimuli have been utilized to trigger 
bistable switching events. However, methods that are difficult to control spatially, such as 
temperature, pH, and pressure, are impractical for technological applications.16-18 Recent reports 
have narrowed the range of stimuli useful for molecular devices to energy sources that can be 
controlled with high spatial resolution, such as light and electron beams. However, the resolution 
of a focused light beam depends on its wavelength, and this dependence is an intrinsic roadblock 
in the future development of photolithographic technology.19 Because visible and UV 
wavelengths are around 102 nm—orders of magnitude larger than the physical width of an 
individual molecule—they normally are unable to address molecular components and fully 
realize the potential of molecule-based devices. As a result, electron beams and scanning probe 
methods are the most promising candidates as stimuli for molecular memory devices. In 
particular, focused electron beams have received much attention recently owing to the ability to 
finely adjust their beam sizes, voltages, currents, and location.  
An important goal is to devise molecules that have persistent excited states while 
satisfying all the other design requirements given above, such as near-atomic spatial addressing. 
Some combinations of stimuli and bistable molecules are incompatible with persistent excited 
states: for example, probing processes that involve passage of a current are often sufficiently 
energetic to write (and thus change) the molecular state. One way to overcome this problem is to 
use different stimuli for the writing and reading processes. For example, we could use stimulus A 
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to switch molecular parameter X and stimulus B to measure parameter X (or some other property 
Y of the molecule that correlates with X). If the energy of stimulus B is significantly smaller than 
that of A, it is less likely to change the molecular state during the readout process (Figure 2.1a). 
 
Figure 2.1. (a) A schematic flowchart to demonstrate the operation principle behind a molecule-
base device that decouples the written and readout parameters. If the energy of stimulus B is 
significantly smaller than that of A, it is unlikely to disrupt the bistable parameter that is 
switched. (b) An application of this principle in voltage-controlled fluorescence.20 
This strategy is not a new one. For example, many studies of voltage-controlled 
luminescence switching have been reported.20,21 In a fluorescent metal complex that undergoes 
the FRET mechanism, the energy transfer between the donor ligand and acceptor metal is 
dictated by their electronic state overlap (Figure 2.1b). When the metal center is reduced in an 
electrochemical process, the new electronic state disrupts the energy transfer pathway and the 
fluorescence is quenched. When such a system is used in a device, the molecule’s state is written 
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by applying a voltage to change the oxidation state of the metal center. The redox state then 
dictates the fluorescence properties of the molecule, which is probed spectroscopically. To 
represent this system in the form of Figure 2.1a, the input (X) and output (Y) parameters are 
metal’s oxidation state and fluorescence; the input (A) and output (B) stimuli are electrons and 
light, respectively. 
Choice of molecular switch. The molecular switch proposed here involves one of the 
most commonly observed bistable properties in the chemical literature—the oxidation state of a 
transition metal. In transition metal complexes, redox reactions adds or removes electrons from 
the metal d orbitals. This process often leads to small but distinct changes in other properties of 
the complex. In our proposed system, the redox process (parameter X) is accompanied by the 
change of a second parameter—the number of unpaired electrons (parameter Y). 
 
Scheme 2.1. Possible d electron configurations for a d6/d7 redox couple involving a metal 
complex in an octahedral coordination environment.  
Scheme 2.1 shows a simplified d orbital splitting diagram of a metal complex with an 
octahedral coordination sphere. In the d6 state (left), the metal center will be low spin if the 
crystal field splitting ∆0 is larger than the spin pairing energy P, and under these circumstances 
the compound will be diamagnetic. When the metal center is reduced to the d7 oxidation state, 
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the metal-ligand distances will increase and the crystal field splitting will decrease.22 There are 
now two possible electronic configurations for the reduced d7 metal center, depending on how 
much ∆0 exceeded P in the d
6 oxidation state. If ∆0 for the d
6 state is much larger than P, it will 
still be larger when the metal center is reduced, and the resulting reduced d7 complex will also be 
low-spin (now with one unpaired electron). If, however, ∆0 for the d
6 state is only slightly larger 
than P, it may become smaller than P when the metal center is reduced, and in this case the 
resulting reduced d7 complex will be high-spin (and will have three unpaired electrons). 
By proper choice of the ligand set, one can tune the ∆0 value such that a spin 
reorganization of the metal center takes place upon a one-electron redox process, which changes 
the compound from d6 low spin (no unpaired electrons) to d7 high spin (three unpaired electrons). 
If the read process could be accomplished by detecting the change in the spin state of the 
complex by a stimulus that does not involve a current flow, then the molecular state should be 
persistent. In addition, the spin reorganization should provide a kinetic barrier between the two 
states that could potentially tolerate a higher energy input during the probing process.  
We note in passing that it is not possible for a high-spin d5 complex to be reduced to a 
low-spin d6 complex as shown in Scheme 2.2 (we assume here that the ligand set is octahedral in 
both oxidation states). Such a spin reorganization would be desirable because a one-electron 
redox event would change the number of unpaired electrons from 5 to 0 (or 0 to 5). Such a 
reorganization is not possible is for the reason mentioned above: ∆0 decreases when the metal 
center is reduced (and increases when the metal is oxidized). As a result, if the d5 complex is 
high-spin, the d6 complex will be high-spin as well.  
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Scheme 2.2. Impossible d electron configurations for a d5/d6 pair in an octahedral ligand field, 
because the t2g-eg energy gap invariably decreases (not increases as shown) upon reduction.  
The goal of this project is to synthesize a redox-triggered paramagnetic switch and 
incorporate it as a component in a molecule-based device. Taking all the above considerations 
into account, we decided that a cobalt2+/3+ redox couple is the most sensible synthetic choice for 
the switch. We will incorporate this switch into a two-terminal device produced using a metallic 
substrate as one electrode and the tip of an SPM instrument as the other. The metallic substrate 
will support the electroactive molecule, which will be anchored on the surface as a self-
assembled monolayer by means of an organic functional group. The SPM instrument should 
enable us to address individual molecules or small groups of molecules on the metallic substrate.  
In the proposed device, the oxidation state of the molecule will be switched by a localized 
voltage bias between the two electrodes. This redox process in turn triggers an electronic 
reorganization, which is probed magnetically (or by low-energy electronic methods) in situ. The 
operation process is summarized in Figure 2.2. Magnetic detection of the spin state will be 
achieved by magnetic microscopy in either AFM or STM using a ferromagnetically coated probe 
tip. Such scanning magnetic methods are quite sensitive. As few as 19 uncorrelated spins can be 
detected by magnetic AFM,23 and a more sophisticated method, spin-polarized STM (SP-STM), 
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is capable of detecting single spins.24 The proposed spin reorganization of cobalt centers in our 
system allows us to minimize the number of atoms necessary to reach the detection limit. 
The incorporation of organic functional groups into transition metal complexes has long 
been used as a method to attach metal complexes to one another or with a surface, in applications 
ranging from the fabrication of magnetically separable heterogeneous catalysts to the labeling of 
proteins with fluorescent tags.25-27 The functionalization of paramagnetic metal complexes has 
garnered particular attention from the molecular electronics and biochemistry communities. In 
addition to their potential utility as electroactive molecular components, paramagnetic molecules 
can also bind site-specifically to biomolecules to produce distance-dependent shifting of signals 
in solid state magic angle spinning (MAS) NMR experiments. Such a “spin labeling” strategy 
can greatly aid in the structural determination of very large biomolecules that are not amenable 
to X-ray crystallography or solution phase NMR spectroscopy. 
Typically, organic functional groups to be used as points of attachment with surfaces are 
incorporated into a ligand, which is then coordinated to the metal center. This approach is 
commonly adopted because the free ligands typically can withstand harsher reagents and reaction 
conditions than the coordination complexes. However, there are some circumstances in which 
incorporation of the organic functional group is best accomplished after metal complex 
formation.28,29 For example, coordination to a metal center could stabilize reactive forms of the 
ligand that are too unstable in the free state. In addition, derivatization after complexation can 
afford complexes that have anchoring groups, such as strongly basic or strongly acidic groups, 
that otherwise would coordinate to or react with the metal center. Finally, derivatization after 
complexation could more quickly lead to the synthesis of libraries of functionally diverse metal 
complexes that could allow rapid screening for catalytic and biologically relevant properties. 
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Figure 2.2. Schematic representation of the proposed molecule-based memory device. 
(a) The electroactive molecule is bound to a metallic surface through molecular self-assembly. 
(b) The states of the surface bound species will be switched and determined as summarized in 
this flowchart. (c) The oxidation state of the metal center is switched by applying the appropriate 
voltage. The oxidation state triggers a spin reorganization of the d electrons, which leads to a 
large magnetic response that could be detected by a lower energy method. 
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2. Results and Discussion 
Ligand selection. The electronic configurations of transition metal complexes depend in 
part on the bonding properties of the ligand. One measure of this bonding is described by the 
spectrochemical series, which places ligands in order of increasing ability to split the energies of 
the t2g and eg d-orbitals in octahedral transition metal complexes. A partial list of ligands in the 
spectrochemical series is given below, ordered from those that weakly split the d-orbitals (low in 
the series) to those the strongly split them (high in the series):22 
I− < F− < OH− < H2O < CH3CN < py < NH3 < en < bipy < NO2
− < CN− ≈ CO 
In general, ligands that are strong σ donors and/or strong π-acceptors give large d-orbital 
splittings and are high on the spectrochemical series, whereas ligands that are weak σ donors 
and/or strong π-donors give small d-orbital splittings and are low on the spectrochemical series .  
A survey of the literature shows that only certain aliphatic and aromatic amines (shown in 
red) form homoleptic complexes with cobalt that are high-spin in the +2 oxidation state but low-
spin in the +3 oxidation state.30 This is expected, because the d-orbital splittings can be neither 
too large (or the cobalt(II) state will be low spin) nor too small (or the cobalt(III) state will be 
high-spin).  
At first, we selected 2,2′-bipyridine complexes of cobalt as the target species for our 
molecular switch, because Co(bpy)3
2+/3+ species are electrochemically robust and the ligand 
functionalization chemistry is well known.31,32 However, it became clear that the Co(bpy)3
n+
 
species are too labile: attempts to synthesize mixed-ligand complexes in which exactly one of the 
bipyridine ligands was methylated led instead to a mixture of products caused by ligand 
scrambling. Specifically, two routes were attempted. In the first, stepwise coordination of 
bipyridine ligands with different substituent were conducted. Treatment of Co(bpy)2Cl2 with one 
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equivalent of the methyl-substituted bipyridine at room temperature led to scrambling of ligands, 
which was concluded from the large number of peaks in the 1H NMR spectrum. In a second 
route, selective methylation reaction was attempted by treating Co(bpy)3Cl2 with one equivalent 
each of n-butyllithium and methyl triflate at -77 °C, and slowly warmed to room temperature. In 
this reaction, a large number of peaks were again observed in 1H NMR spectroscopy which 
suggested that many species were formed in this reaction. The facile ligand scrambling is 
undesirable because it will interfere with the functionalization chemistry as well as the practical 
aspects of device fabrication and operation.  
To avoid this ligand scrambling issue, we turned to ligands that are anionic in addition to 
chelating. The electrostatic attraction between the positively charged metal and anionic ligands 
should reduce the lability. This consideration led us to investigate tris(pyrazolyl)borates as the 
target ligand (Scheme 2.3). These tridentate monoanions are known to form homoleptic CoTp2
0/+ 
complexes that are air stable, have the desired spin configurations, and undergo electrochemical 
process reversibly.33 The non-coordinating fourth substituent on boron is an ideal location to 
incorporate functional groups with surface attachment ability. 
 
Scheme 2.3. A cobalt bis(tris(pyrazolyl)borate) complex. 
The syntheses of tris(pyrazolyl)borate salts with alkali metals and complexes with 
transition metals were first reported by Ukrainian-American chemist Swiatoslaw (Jerry) 
Trofimenko.34 The ligands can be prepared by heating an alkali metal borohydride in a melt of 
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pyrazole or C-substituted pyrazole at high temperature until the correct volume of hydrogen is 
evolved.35 Tris(pyrazolyl)borates with a fourth organic substituent on boron are typically 
prepared by a different route: treatment of a boron-substituted dibromoborane RBBr2 with three 
equivalents of a pyrazole, followed by addition of triethylamine to form the triethylammonium 
salt [NEt4][RBpz3].
36 The corresponding sodium salt can be prepared by cation exchange.  
In 2009, Metzler-Nolte and coworkers reported the synthesis of sodium 
(p-bromophenyl)tris(pyrazolyl)borate, Na[(p-C6H4Br)Bpz3], by this latter method.
37 The sodium 
ion exchange was accomplished by addition of aqueous sodium bicarbonate. In our hands, 
however, the isolated yield from this procedure was low, about 25%. However, we found that the 
using sodium hydride as the sodium source more than doubles the yield of isolated product.37  
 
 
 
Scheme 2.4. Modified synthesis of sodium (p-bromophenyl)tris(pyrazolylborate), NaTpPhBr. 
The 1H NMR spectrum of the NaTpPhBr (Figure 2.3) features two doublets and a triplet in 
the aromatic region, which are due to the three pyrazole protons. The phenyl resonances give an 
AA′BB′ pattern due to the ortho and meta protons.38 The same NMR shifts were observed in 
reports using the route described in Scheme 2.4. However, it is inconsistent with a another 
synthetic preparation of NaTpPhBr reported by Faller and coworkers in 1982.39 In this paper, the 
authors reported successful preparation of the compound by heating 4-BrPhB(OH)2 and an 
excess of pyrazole in diglyme. While the reported 1H NMR shifts are reasonable, one of the 
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integrations was not consistent with the compound identified: there were two protons assigned to 
the 4-position of pyrazole when there should have been three. We repeated the boronic acid 
preparation and obtained the same NMR results. While the NMR integrations do not match the 
NaTpPhBr species, it is consistent with a pyrazolinium boronate species (Scheme 2.5).  
N
N
H
H
Br B
OH
O
 
Scheme 2.5. Proposed product of the reaction of 4-BrPhB(OH)2 with pyrazole in diglyme 
described in the paper by Faller and coworkers. 
 
Figure 2.3. 
1H NMR spectrum of sodium bromophenyltris(pyrazolyl)borate, NaTpPhBr (inset) in 
DMSO-d6 at 20 °C. The solvent signal lies outside of the region of interest and is not shown. 
Preparation of functionalized cobalt tris(pyrazolyl)borate complexes. The bromophenyl 
group was incorporated into the pyrazolylborate ligand with the intention to replace the bromide 
with functional groups such as thiolates that would allow surface attachment. This strategy has 
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been used to prepare boron-functionalized Tp ligands for bioconjugation.40-42 We first attempted 
to incorporate a functional group into the sodium salt; unfortunately, addition of n-butyllithium 
to sodium p-bromophenyltris(pyrazolyl) borate at -77 °C led to complete visible decomposition 
into dark gray solids that cannot be identified by NMR spectroscopy. Lithiation should form a 
dianion, and evidently this species decomposes even at low temperature.39  
We then turned to incorporating the functional group after formation of a cobalt complex; 
this approach has been proven successful in other metal complexes with Tp ligands. For 
example, an amino acid bioconjugate was attached at the boron position of the Tp ligand using 
PtMe3Tp as a reactant.
40 Initially, we investigated the synthesis of the cyclopentadienyl complex 
CpCoTpPhBr for two reasons: the unsubstituted cobalt(III) compound [CpCoTpH]+ is low spin but 
becomes low spin when it is reduced to cobalt(II),43 and the Cp ligand should be an inert capping 
group that will not bind strongly to the SPM tip during device studies.  
Treatment of CpCo(CO)I2 with NaTp
PhBr successfully resulted in the formation of the 
new cobalt(III) complex [CpCoTpPhBr]I. This compound was fully characterized by 
microanalysis and by infrared and NMR spectroscopy. Attempts to reduce this compound with 
cobaltocene, the route that works to reduce the unsubstituted compound [CpCoTpH]+ to 
CpCoTpH, were unsuccessful. Instead of forming CpCoTpPhBr, a disproportionation reaction took 
place that quantitatively generated the homoleptic cobalt(II) complex Co(TpPhBr)2 (Scheme 2.6).  
We were surprised that incorporation of a phenyl group on boron position could cause 
such a difference in reactivity. The result also suggested that heteroleptic CpCoTpR complexes 
may be too thermodynamically unstable with respect to ligand disproportionation, and thus are 
unsuited as components in bistable molecular switches. Because the homoleptic CoTpPhBr2 
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complex was generated in preference to the mixed ligand complex CpCoTpPhBr, we decided to 
functionalize the homoleptic complex and employ the resulting species as our bistable molecule.  
 
Scheme 2.6. Attempted synthesis of the asymmetrically substituted CpCoTpR complexes.43 
Treatment of cobaltous bromide with two equivalents of NaTpPhBr in refluxing toluene 
produced a bright purple suspension that over 48 hours, which slowly converted into a yellow 
solution with only small amounts of the purple solid. If tetrahydrofuran is employed as the 
solvent, the purple product does not convert to the yellow product even after extended heating 
times. The homoleptic complex bis[(bromophenyl)tris(pyrazolyl)borate]cobalt(II), Co(TpPhBr)2, 
can be crystallized from the yellow toluene solution in 78% yield. This complex has previously 
been prepared by means of an aqueous synthesis that gives a substantially lower yield (36%).39 
The 1H NMR spectrum of this compound will be discussed below.  
The purple intermediate in the reaction sequence is probably a cobalt(III) complex that 
still retains Co-Br bonds. Although we did not investigate the possibility, addition of the thallium 
salt44 TlTpPhBr to CoBr2 could avoid the formation of the intermediate species and the need to 
heat the reaction mixture. 
We next turned to the replacement of the bromine atom in Co(TpPhBr)2 with other 
functional groups able to immobilize the cobalt complexes on a surface. For gold surfaces (an 
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attractive substrate material for device applications due to its favorable electrical and chemical 
properties), self-assembly of monolayers of cobalt complexes via thiol tethers was selected as the 
target due to the strong Au-S interactions described in Chapter 1.  
To replace the bromide with a desired functional group, the lithiation of Co(TpPhBr)2 with 
n-butyllithium was investigated. Synthesis of carboxylic acid-substituted Co(TpPhCOOH)2 has been 
reported by treating Co(TpPhBr)2 with two equivalents of n-butyllithium, followed by the addition 
of dry ice.39,42 When we repeated this reaction, we found that the moisture on the dry ice surface 
led to significant hydrolysis of the hydrolytically sensitive lithiated intermediate, adding a proton 
at the para position. The reaction was repeated using a compressed CO2 tank instead of dry ice to 
obtain pure Co(TpPhCOOH)2 at 82% yield. This species was chemically oxidized using NOBF4 and 
isolated to subsequent electrochemical studies that will be discussed in Chapter 3. 
Hydroxymethyl-substituted speices Co(TpPhCH2OH)2 was obtained by reduction of 
Co(TpPhCOOH)2 with two equivalents of NaBH4. Attempts to introduce a 2-thioethylaminomethyl 
tether (-CH2NHCH2CH2SH) by condensation of Co(Tp
PhCH2OH)2 with cysteamine (2-
aminoethanethiol), using DCC as a dehydrating agent (Scheme 2.7), were unsuccessful. NMR 
results suggested that no reaction took place.  
 
Scheme 2.7. Proposed synthesis of thiol-substituted CoTp2 species by dcc coupling.  
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Figure 2.4. Stacked 1H NMR spectra of CoTp2 complexes taken at 20 °C in C6D6. A resonance 
at δ -125, which corresponds to the third pyrazole proton, is present in every spectrum and is not 
shown. The solvent signal at δ 7.16 is truncated on this vertical scale. The asterisk at δ 25 
corresponds to the para proton of the hydrolysis product Co(pz3BPh)2.  
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A alternative route successfully afforded a thiol-terminated CoTp2 complex. Treatment of 
the bromophenyl-functionalized cobalt complex Co(TpPhBr)2 with n-butyllithium at -77 °C to 
produce the doubly lithiated species followed by addition of excess dimethylformamide gave, 
after an aqueous workup, the aldehyde-substituted species Co(TpPhCHO)2 in 86% yield. This 
compound is air stable but thermally sensitive and should not be heated above room temperature.  
Condensation of the cobalt aldehyde compound with cysteamine in the presence of 
molecular sieves affords the cobalt thiazolidine complex Co(pz3BC6H4CHNHCH2CH2S)2 . This 
reaction can be monitored in situ by observing the disappearance of the carbonyl stretch of the 
aldehyde complex in the solution IR spectrum (Figure 2.5). 
 
Figure 2.5. Overlayed infrared spectra of the reaction mixture aliquot during the 
synthesis of thiazolidine-substituted CoTp2 (4) at various time points. Reaction progress is 
monitored by the disappearance of signal at 1706 cm-1 which corresponds to the carbonyl stretch. 
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In the 1H NMR spectrum (Figure 2.4c), the protons of thiazolidine ring are far enough 
from the metal center that the lines are sharp enough to resolve the proton-proton coupling. All 
four protons of the CH2CH2 unit in the five-membered ring are chemically inequivalent due to 
the asymmetric substitution on the benzylic carbon atom. 
The reductive ring-opening of the thiazolidine group was more difficult to achieve than 
expected. No reaction occurred with sodium borohydride, even at elevated temperatures. A 
stronger reductant, LAH, converted the thiazolidine group to the desired (thioethylamino)methyl 
group, but the aqueous workup led to significant product decomposition, evidently owing to the 
Lewis acidity of the aluminum byproducts. Treatment of the cobalt thiazolidine complex with 
borane-thf led to an inseparable mixture of products.45,46  
Fortunately, successful conversion of the cobalt thiazolidine complex to a cobalt 
(thioethylamino)methyl complex was achieved by addition of sodium cyanoborohydride and an 
excess of acetic acid at mildly elevated temperatures. Protonation of the thiazolidine group 
converts it into an iminium intermediate (below), which is subsequently attacked by the 
cyanoborohydride reagent. In the direct product of the reduction, the nitrogen atom is bound to 
boron species derived from cyanoborohydride; these nitrogen-boron bonds can be cleaved by 
quenching the reaction mixture with aqueous sodium bicarbonate.47 
 
Scheme 2.8. Mechanism of acid-catalyzed reduction of thiazolidine. 
Initially, the product was isolated by extraction of the aqueous reaction mixture with 
dichloromethane, followed by drying the organic layer with MgSO4 and removing the solvent 
under vacuum. However, the product obtained always contained a significant amount of the 
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CoTp2 species with an unfuctionalized phenyl group on boron, as judged by NMR spectroscopy 
and mass spectrometry (a resonance for the para proton of the phenyl group is present at δ 25). 
The purity and yield of product greatly increased by removing the solvents under vacuum after 
quenching, followed by extraction of the residue with benzene. Although no thiol S-H stretch 
could be observed in the infrared spectrum (evidently this band is weak), the thiol complex was 
fully characterized by microanalysis, mass spectrometry, and 1H NMR spectroscopy.  
All of the homoleptic bis[tris(pyrazolyl)borate]cobalt(II) complexes we have prepared are 
pale yellow and have various degrees of oxygen and moisture stabilities. The 1H NMR spectra of 
these Tp complexes are shown in Figure 2.4. It is clear that the resonances are highly shifted and 
the splitting patterns are obscured due to the broadening caused by the paramagnetic nature of 
the cobalt(II) center. The chemical shifts of the pyrazolyl and phenyl protons are relatively 
insensitive to the nature of the para substituent on the phenyl ring. As expected, for protons that 
are farther from the cobalt center, the resonances are closer to the diamagnetic region (δ 10-0 
ppm) and the line widths are smaller. The large dispersion of chemical shifts induced by the 
paramagnetism is helpful in assigning the 1H NMR resonances, which in a diamagnetic species 
may be overlapping and difficult to resolve. The 11B NMR resonances for the CoTp2 complexes 
are broad and strongly shifted due to the paramagnetism, but the chemical shifts of ca. δ -112 are 
relatively insensitive to the nature of the fourth substituent on boron. The solution 
electrochemistry of these species, along with the fabrication and characterization of thin film 
devices, will be discussed in Chapter 3. 
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3. Conclusions 
We have prepared a series of cobalt bis[tris(pyrazolyl)borate] complexes that are 
functionalized at the para position of a phenyl group attached to boron (Scheme 2.9). Notably, 
the synthetic strategy to make all these complexes is a versatile one, because it starts from a 
common starting point: the cobalt(II) complex bearing two p-bromophenyltris(pyrazolyl)borate 
groups. Several species suitable for surface attachment purposes have been synthesized and 
characterized. These air and moisture stable compounds undergo spin reorganization upon one-
electron reduction or oxidation and are therefore potentially useful as bistable components in 
molecule-based devices.  
Surprisingly, the relatively harsh reagents and conditions used in these reactions were 
well tolerated by these high-spin coordination complexes, which are usually considered to be less 
robust than their organic or diamagnetic inorganic analogs. Specifically, we are able to carry out 
a variety of organic reactions at the para position in good yield, including lithiations, 
carboxylations, condensations, hydride attacks, and hydrolyses. Although it might have seemed 
more promising to have carried out these transformations with the low-spin (and presumably 
more kinetically stable) cobalt(III) bis[tris(pyrazoyl)borate] analogues, which are accessible by 
one-electron oxidation, in practice we did not pursue this route because it proved unnecessary; in 
addition, the Co(III) complexes with iodide and PF6 counterions have significantly lower 
solubilities in organic solvents. The stabilities of these high spin CoIITp2 complexes and their 
compatibilities with many reagents and conditions used in the functionalization reactions suggest 
that this ligand platform is sufficiently robust to enable chemical tailoring for a variety of 
different applications,48-52 including catalysis, bioconjugation studies, molecular magnetism, 
small molecule activation, and other applications.  
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4. Experimental 
All operations were carried out in vacuum or under argon using standard Schlenk 
techniques unless otherwise stated. Solvents were distilled under nitrogen from 
sodium/benzophenone (pentane, tetrahydrofuran, toluene, and benzene), from calcium hydride 
(dichloromethane), or from magnesium turnings activated with iodine (methanol) immediately 
before use. Dimethylformamide (Aldrich) was vacuum distilled from calcium hydride and stored 
under argon over 4Å molecular sieves. Triethylamine (Aldrich) was distilled from calcium 
hydride and stored under argon. Anhydrous boron tribromide, 4-bromophenyltrimethylsilane, 
pyrazole, n-butyllithium (1.6 M in hexane), cysteamine, cobaltous bromide, and sodium 
cyanoborohydride were purchased from Aldrich and used without further purification. 
CpCo(CO)I2
53,54 and colbatocene55 were synthesized by the reported methods. 
Elemental analyses were carried out by the University of Illinois Microanalytical 
Laboratory. The IR spectra were recorded on a Nicolet Impact 410 infrared spectrometer as 
Nujol mulls between NaCl plates, except for in situ monitoring during the synthesis of 5, which 
was acquired as benzene solutions between NaCl plates. The 1H NMR spectra were obtained on 
a Varian VXR 500 instrument at 500 MHz. The 11B NMR data were collected on a Varian Unity 
Inova 400 at 128 MHz. Chemical shifts are reported in δ units (positive shifts to high frequency) 
relative to tetramethylsilane (1H) or BF3·Et2O (
11B). Field ionization (FI) mass spectra were 
recorded on a Micromass 70-VSE mass spectrometer.  
Dibromo(4-bromophenyl)borane, (BrC6H4)BBr2. This procedure is adapted from the 
literature.37 Boron tribromide (2.4 mL, 25.3 mmol) and 4-bromophenyltrimethylsilane (5.0 g, 
21.8 mmol) were combined in a sealed 60 mL flask and heated to 70 °C for 12 h to yield a dark 
brown liquid. The volatile byproducts were removed by vacuum distillation at room temperature 
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to yield a light purple solid which was purified by sublimation onto a water-cooled cold finger at 
60 °C under static vacuum. The sublimate was recrystallized from dichloromethane (ca. 20 mL) 
at -20 °C overnight to yield white crystals. Yield: 6.3 g (89 %). 1H NMR (C6D6, 20 °C): δ 7.34 
(AA′BB′ pattern, JAB = 8 Hz, JAA’~JAB’ ~ 2 Hz, 4H, C6H4) . 
11B NMR (C6D6, 20 °C): δ 56.52 (s). 
Sodium (4-Bromophenyl)tris(pyrazolyl) borate, 1. A dichloromethane solution (20 mL) 
of dibromo(4-bromophenyl)borane (6.34 g, 19.4 mmol) was combined with pyrazole (4.01 g, 
58.9 mmol) and triethylamine (8.13 ml, 58.3 mmol) at 0 °C. A large amount of white precipitate 
formed during the addition. The mixture was warmed to room temperature and stirred overnight. 
The volatile components were removed under reduced pressure. The resulting solid residue was 
extracted with thf (3 × 20 mL) and filtered. The resulting solution was added dropwise to NaH 
(0.78 g, 19.6 mmol) at 0 °C. Some gas was evolved, and the mixture was warmed to room 
temperature, stirred for 1 h, and then filtered. The volume of the solvent was reduced to about 10 
mL and then pentane (100 mL) was added to precipitate the product. After stirring for 30 min, 
the solid was collected by filtration and dried under vacuum to yield a white, free-flowing 
powder. Yield: 4.63 g (61 %). Anal. Calcd for C15H13N6BBrNa: C, 46.1; H, 3.4; N: 21.5. Found: 
C, 45.8; H, 3.2; N, 20.6. 1H NMR (DMSO-d6, 20 °C): δ 7.42 (d, JHH = 1 Hz, 3H, pz), (AA′BB′ 
pattern, JAB = 8.5 Hz, JAA’~JAB’ ~ 2 Hz, 4H, C6H4), 6.82 (d, JHH = 2 Hz, 3H, pz), 6.02 (t, JHH = 
1.5 Hz, 3H, 3-pz). 11B NMR (DMSO-d6, 20 °C): δ 1.60 (s). IR (cm
-1): 1776 w, 1721 w, 1578 m, 
1496 s, 1418 s, 1392 m, 1211 m, 1193 s, 1158 m, 1009 m, 963 w, 922 w, 880 m, 868 s, 825 w, 
795 s, 761 s, 755 s, 626 m.  
(Cyclopentadienyl)[(4-bromophenyl)tris(pyrazolyl)borato]cobalt(III) iodide, 2. To a thf 
solution (15 mL) of CpCoCOI2 (1.36 g, 3.3 mmol) was added a thf suspension (20 mL) of 1 
(1.29 g, 3.3 mmol) dropwise at 0 °C, at which point a gas evolution took place and a red-brown 
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precipitate formed. The reaction mixture was warmed to room temperature and stirred overnight. 
The reaction mixture was opened to air and filtered through a coarse porosity frit and washed 
with deionized water (3 x 25 mL), thf (3 x 25 mL), and Et2O (3 x 25 mL) to afford a brown 
microcrystalline powder. The remaining solid was heated under vacuum to 85 °C overnight. 
Yield: 1.41 g (69%). 1H NMR (CD3CN, 20 °C): δ 8.67 (d, JHH = 2 Hz, 3H, 4-pz), 7.67 (AA’BB’ 
pattern, JAB = 8.5 Hz, JAA’~JAB’ ~ 2 Hz, 4H, C6H4), 7.63 (d, JHH = 2.5 Hz, 3H, 5-pz), 6.50 (t, JHH = 
2.5 Hz, 3H, 4-pz), 6.40 (s, 5H, Cp). 
Attempted reduction of 2 using cobaltocene. To a thf suspension (10 mL) of 2 (0.19 g, 0.3 
mmol) was added thf solution (5 mL) of cobaltocene (0.059 g, 0.3 mmol) dropwise 0 °C. The 
reaction mixture was stirred at room temperature for 30 minutes, during which the mixture 
turned from dark orange to dark yellow. The reaction mixture was filtered, and the solvent of the 
filtrate was removed under reduced pressure to yield a dark yellow residue. The solid was 
extracted with pentane and filtered (5 x 10 mL) to afford a light yellow solution. Crude product, 
a yellow powder, was obtained by removing pentane under reduced pressure. The 1H NMR 
spectrum of the crude product was identical to that of 3. 
Bis[(4-bromophenyl)tris(pyrazolyl)borato]cobalt(II), 3. Cobaltous bromide (0.81 g, 3.7 
mmol) and 1 (2.91 g, 7.4 mmol) were combined in toluene (90 mL) to yield a green suspension. 
The mixture was heated to reflux overnight to afford a bright purple suspension. The mixture 
was cooled and filtered to yield a gold-colored solution. Removal of solvent under reduced 
pressure afforded a light brown powder that can be recrystallized from hot toluene (ca. 20 mL) 
by cooling to -20 °C to obtain pale yellow crystals. Yield: 2.28 g (78%). Anal. Calcd for 
C30H26N12B2Br2Co(PhMe)0.75: C, 49.0; H, 3.7; N: 19.5. Found: C, 48.9; H, 3.6; N, 19.2. 
1H NMR 
(C6D6, 20 °C): δ 94.44 (br s, fwhm = 142 Hz, pz), 62.32 (br s, fwhm = 99 Hz, pz), 36.82 (br s, 
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fwhm = 68 Hz, m-CH), 29.32 (br s, fwhm = 43 Hz, o-CH), -124.34 (br s, fwhm = 340 Hz, 2-pz). 
11B NMR (C6D6, 20 °C): δ -113.06 (br s, fwhm = 1752 Hz). IR (cm
-1): 1930 vw, 1775 vw, 1742 
w, 1612 vw, 1583 m, 1556 vw, 1501 s, 1489 m, 1430 m, 1419 w, 1405 vs, 1387 s, 1342 vw, 
1243 w, 1229 s, 1200 vs, 1911 s, 1165m, 1010 m, 976 m, 956 vw, 923 w, 900 m, 883 vs, 854 w, 
843 w, 796 s, 783 s, 759 vs, 711 m, 693 vw, 677 w, 666 w, 627 m, 620 m.  
Bis[(4-formylphenyl)tris(pyrazolyl)borato]cobalt(II), 4. To 3 (2.28 g, 2.9 mmol) 
dissolved in thf (20 mL) at -77 °C was added n-butyllithium (4.0 mL of a 1.6 M solution in 
hexanes, 6.4 mmol). The yellow solution became turbid. After DMF (1.0 mL, 12.0 mmol) was 
added and stirred for 10 minutes, and then the reaction mixture was warmed to room temperature 
and stirred for 2 h. The reaction mixture was quenched with water (5 mL) to afford a clear 
yellow solution. thf and hexane were removed under reduced pressure to yield an aqueous 
yellow suspension. The solid was collected by filtration on a coarse-porosity frit and air dried 
overnight. The free-flowing yellow powder was used without further purification. This 
compound is thermally sensitive and decomposes into green-gray solid when heated above ca. 
40 °C. However, it can be stored at room temperature as a solid over many months. Yield: 1.70 g 
(86%). Anal. Calcd for C32H28O2N12B2Br2Co(thf): C, 56.5; H, 4.7; N: 22.0. Found: C, 56.2; H, 
4.7; N, 21.3. 1H NMR (C6D6, 20 °C): δ 94.38 (br s, fwhm = 166 Hz, pz), 62.87 (br s, fwhm = 90 
Hz, pz), 36.81 (br s, fwhm = 46 Hz, o-CH), 29.62 (br s, fwhm = 15 Hz, m-CH), 22.85 (br s, 
fwhm = 8 Hz, CHO), -124.25 (br s, fwhm = 524 Hz, 2-pz). 11B NMR (C6D6, 20 °C): δ -112.20 
(br s, fwhm = 2576 Hz). IR (cm-1): 1703 vs, 1628 vw, 1606 m, 1562 w, 1503 m, 1431 w, 1404 
vs, 1314 w, 1243 w, 1231 m, 1199 s, 1162 w, 1019 vw, 977 w, 922 w, 902 w, 887 m, 857 vw, 
829 m, 794 s, 761 vs, 727 m, 718 m, 797 vw, 663 w, 620 w. 
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Bis[(4-(2-thiazolidinyl)phenyl)tris(pyzazolyl)borato]cobalt(III), 5. To a solution of 4 
(1.47 g, 2.1 mmol) in benzene (40 mL) was added a solution of cysteamine (0.81 g, 10.5 mmol) 
in benzene (40 mL). The reaction mixture was transferred to a flask charged with 4Å molecular 
sieves (2 g). After the mixture had been stirred for 6 h, the solution was transferred to a second 
flask charged with fresh 4Å molecular sieves, and the mixture was stirred at room temperature 
overnight. The progress of the reaction was monitored by taking a 0.1 mL aliquot of the reaction 
mixture in solution and following the decrease in the intensity of the C=O stretch at 1706 cm-1 by 
IR spectroscopy. When the reaction was complete, the solution was filtered and the filtrate was 
taken to dryness under reduced pressure to yield a free-flowing, pale yellow powder that was 
used without further purification. Analytically pure samples can be obtained by recrystallization 
in toluene. Yield: 1.2 g (69 %). Anal. Calcd for C36H38N14S2B2Co(PhMe)1.6: C, 59.1; H, 5.3; N: 
20.5; S, 6.7; Co, 6.2. Found: C, 59.4; H, 5.2; N, 20.8; S, 6.2; Co, 6.5. 1H NMR (C6D6, 20 °C): δ 
94.51 (br s, fwhm = 127 Hz, pz), 62.59 (br s, fwhm = 83 Hz, pz), 36.76 (br s, fwhm = 45 Hz, o-
CH), 29,51 (br s, fwhm = 14 Hz, m-CH), 18.73 (br s, fwhm = 19 Hz, ), 
13.64 (br s, fwhm = 25 Hz, NH), 11.13 (br s, fwhm = 20 Hz, ), 10.15 (q, 
JHH = 9.5 Hz, ), 10.06 (br s, fwhm = 25 Hz, ) 9.05 (t, 
JHH = 8.5 Hz, ), -124.06 (br s, fwhm = 482 Hz, 2-pz). The four resonances 
assigned to the ethylene backbone of the thiazolidine cannot be unambiguously distinguished. 
11B NMR (C6D6, 20 °C): δ -111.81 (br s, fwhm = 1940 Hz). IR (cm
-1): 1735 vw, 1610 vw, 1500 
s, 1405 vs, 1260 w, 1233 m, 1199 sh, 1163 w, 1026 w, 975 m, 922 m, 902 w, 886 s, 837 w, 795 
s, 769 vs, 756 vs, 689 vw, 678 vw, 666 w, 639 w, 619 m. 
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Bis[(4-((2-mercaptoethylamino)methyl)phenyl)tris(pyrazolyl)borato]cobalt(II), 6. To a 
solution of 5 (1.62 g, 2.0 mmol) in thf (20 mL) at room temperature was added sodium 
cyanoborohydride (0.77 g, 12.2 mmol). This reaction mixture was treated dropwise with a 
solution of glacial acetic acid (0.7 mL, 12.2 mmol) in methanol (20 mL), at which point the 
sodium cyanoborohydride began to dissolve and gas evolution took place. Heating the mixture to 
45 °C overnight afforded a clear yellow solution and later a turbid yellow suspension. An 
aqueous solution of saturated sodium bicarbonate (15 mL) was added at room temperature and 
stirred for 30 min to quench the reaction. The volatile components were removed under reduced 
pressure and the resulting residue was extracted with benzene (3 × 20 mL) and filtered to yield a 
yellow solution. The solvent was removed under reduced pressure to produce a sticky yellow 
residue; triturated with pentane afforded a free flowing gold-colored solid. Yield: 0.57 g (36%). 
Anal. Calcd for C36H42N14S2B2Co(Et2O)0.2(PhMe)0.1: C, 54.1; H, 5.1; N, 23.1; S, 7.6; Co, 7.0. 
Found: C, 54.1; H, 5.4; N, 23.1; S, 7.6; Co, 7.0. 1H NMR (C6D6, 20 °C): δ 94.42 (br s, 
fwhm = 181 Hz, pz), 62.51 (br s, fwhm = 18 Hz, pz), 36.75 (br s, fwhm = 57 Hz, o-CH), 29.27 
(br s, fwhm = 18 Hz, m-CH), 16.70 (br s, fwhm = 21 Hz, C6H4-CH-NH), 11.80 (br, fwhm = 18 
Hz, NH), 9.11(br, fwhm = 17 Hz, CH2CH2SH), 8.17 (br s, fwhm = 18 Hz, CH2CH2SH), 6.59 (br 
s, fwhm = 7 Hz, SH), -125.01 (br s, fwhm = 545 Hz, 2-pz). The two resonances assigned to the 
ethylene protons cannot be unambiguously distinguished. 11B NMR (C6D6, 20 °C): δ -111.37 (br 
s, fwhm = 2804 Hz). IR (cm-1): 1735 vw, 1610 vw, 1500 s, 1405 vs, 1260 w, 1246 vw, 1233 m, 
1199 sh, 1163 w, 1026 w, 975 m, 922 m, 902 vw, 886 s, 857 w, 795 vs, 769 vs, 558 vs, 727 s, 
689 vw, 678 vw, 666 w, 689 vw, 619 vw. 
Bis[(4-carboxyphenyl)tris(pyrazolyl)borato]cobalt(II), 7. This synthesis was adapted 
from the literature.39,40 To a solution of 3 (0.50 g, 0.63 mmol) in thf (20 mL) at -77 °C was added 
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n-butyllithium (0.9 mL of a 1.6 M solution in hexane, 1.44 mmol), causing the yellow solution to 
become turbid. The mixture was stirred at -77 °C for 1 h, the flask was evacuated to remove 
argon, and gaseous CO2 was added until the flask reached atmospheric pressure. The reaction 
flask was opened to argon at oil bubbler pressure. The reaction mixture was warmed to room 
temperature, stirred for 2 h, and quenched with water (10 mL) at which point the mixture turned 
from a yellow suspension to a clear yellow solution. The pH of the reaction mixture was adjusted 
to ca. 5 (monitored by pH paper) by addition of an aqueous solution of glacial acetic acid (12 
mM). The reaction mixture became biphasic, with a yellow organic layer and colorless aqueous 
layer. The solvents of the organic layer was removed under reduced pressure to afford bright 
yellow suspension; the yellow solid was collected by filtration on a medium porosity frit and air 
dried overnight. Analytically pure product could be obtained by recrystallization from toluene by 
concentrating the solution to ca. 10 mL and stored at -20 °C overnight. Yield: 0.37 g (81%). 
Anal. Calcd for C32O4H28B2N12Co: C, 53.0; H, 3.9; N: 23.2; Co, 8.1. Found: C, 53.5; H, 3.9; N, 
22.4; Co, 7.2. 1H NMR (thf-d8, 20 °C): δ 94.69 (br s, fwhm = 158 Hz, pz-H), 62.97 (br s, fwhm = 
83 Hz, pz-H), 37.01 (br s, fwhm = 42 Hz, C6H4), 30.18 (br s, fwhm = 15 Hz, C6H4), 20.71 (br s, 
fwhm = 266 Hz, COOH), -124.51 (br s, fwhm = 452 Hz, pz-H). 11B NMR (thf-d8): -110.16 (br s, 
fwhm = 3040 Hz). IR (cm-1): 2675 w, 2572 w, 1741 w, 1682 vs, 1604 w, 1556 w, 1504 m, 1431 
s, 1405 s, 1324 m, 1272 w, 1247 vw, 1232 m, 1201 s, 1167 m, 1124 w, 1020 w, 976 w, 948 vw, 
924 vw, 888 s, 868 vw, 851 w, 797 s, 775 w, 759 s, 748 vs, 676 w, 666 w, 628 w, 615 w. 
Bis[(4-carboxylphenyl)tris(pyrazolyl)borato]cobalt(III) Tetrafluoroborate, 7[BF4]. 
Solutions of 7 (0.30 g, 0.41 mmol) and NOBF4 (0.048 g, 0.41 mmol) in thf (5 mL each) were 
combined at room temperature. Gas evolution commenced immediately and the reaction mixture 
changed from a clear yellow solution to a red-brown suspension. The mixture was stirred for an 
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additional 3 h, and then the solvent was removed under reduced pressure. The residue was 
extracted with acetonitrile (10 mL) and filtered, the resulting solution was concentrated to ca. 2 
mL, and stored at -20 °C overnight to afford a bright red-orange solid. Anal. Calcd for 
C32O4H28B3N12F4Co: C, 47.3; H, 3.5; N, 20.7. Found: C, 48.0; H, 3.5; N, 20.1 
1H NMR (CD3CN, 
20 °C): δ 9.75 (br s, 1H, COOH), 8.35 (m, 4H, C6H4), 8.05 (d, JHH = 2 Hz, 3H, pz-H), 6.93 (d, 
JHH = 1.5 Hz, 3H, pz-H), 6.43 (t, JHH = 2 Hz, 3H, pz-H). 
Bis[(4-hydroxymethylphenyl)tris(pyrazolyl)borato]cobalt(II), 8. To a thf solution (10 
mL) of 4 (0.11 g, 0.2 mmol) was added a methanol (10 mL) solution of NaBH4 (0.12 g, 0.4 
mmol). The reaction mixture was heated to 50 °C overnight while gradual gas evolution took 
place. The volatile components were removed under reduced pressure, and the solid residue was 
extracted with Et2O (3 x 10 mL) and filtered. The volume of the resulting yellow solution was 
reduced to ca. 5 mL and stored at -20 °C overnight to afford yellow crystals. 1H NMR (C6D6, 
20 °C): δ 95.13 (br s, fwhm = 123 Hz, pz-H), 63.25 (br s, fwhm = 76 Hz, pz-H), 37.24 (br s, 
fwhm = 42 Hz, C6H4), 29.87 (br s, fwhm = 15 Hz, C6H4), 18.14 (br s, fwhm = 22 Hz, -CH2OH), 
12.98 (t, JHH = 6.5 Hz, -CH2OH), -124.51 (br s, fwhm = 290 Hz, pz-H). 
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CHAPTER 3. Fabrication and evaluation of surface-bound CoTp2 species as bistable 
molecular junction components 
 
1. Contributions 
This chapter discusses the preparation and characterization of thin films of the cobalt 
complexes described in Chapter 2. I performed the synthesis and characterization of the 
complexes as bulk samples and as solutions. I also fabricated the thin film samples and 
characterized them using surface IR spectroscopy. A. Radocea of the Lyding group and I worked 
together to carry out the vacuum sublimation and solution deposition experiments and to 
interpret the results. A. Radocea acquired the UHV-STM, SEM, and AFM images as well as the 
EDS spectra. Dr. K. Walsh of the Center for the Microanalysis of Materials at the Materials 
Research Laboratory of the University of Illinois assisted in acquiring the atmospheric STM and 
AFM images. Dr. M. E. Carroll and the Rauchfuss research group loaned me the electrochemical 
apparatus, and J. L. Oberst of the Gewirth research group kindly assisted me in acquiring cyclic 
voltammograms of the thin films. Their assistance is gratefully acknowledged. 
  
2. Introduction 
Although the phenomenon of molecular bistability is routinely studied in the bulk (both 
in the solid state and in solution), it is seldom investigated on the molecular level, which is most 
relevant to molecular device and junction applications.
1-3
 This situation stems in part from the 
experimental difficulties associated with reproducibly addressing individual molecules, 
especially because molecules tend to change their location with time unless they are anchored 
covalently to a surface.  
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Two of the most popular methods to study molecular junctions are break junctions and 
scanning probe microscopy (SPM); see Chapter 1.
4-6
 Of these methods, SPM is better suited to 
examine thin films: a metal substrate is employed as one electrode, a metal STM tip serves as a 
second electrode, and the two are bridged by the electroactive molecules. In this configuration, 
single- or few-molecule imaging, measurement, and manipulation may be accomplished, 
provided that the molecules are firmly anchored to the surface.  
The cleanliness of the fabricated device is also important in achieving stable imaging 
conditions. To ensure that the sample is free from debris and contamination, each process from 
substrate fabrication, synthetic manipulation, to film deposition must be carried out with care. To 
maximize the imaging quality, the final device is often subjected to a “degas” treatment—in 
which the sample is heated under vacuum to eliminate volatile contaminants such as water and 
solvents—before it is introduced to an UHV imaging environment.
7
 In order to be compatible 
with this process, both the molecular species itself as well as the molecule-substrate interaction 
must be thermally robust. Although it is not necessary for the molecule to be stable to air, 
moisture, and light, these attributes significantly simplify the fabrication and handling processes. 
The properties of molecules adsorbed on a surface are not necessarily identical to those 
that they exhibit in the bulk or in solution. Surface monolayers consist of very small numbers of 
molecules that are organized in a significantly different manner than they are in other states. 
Properties that depend on cooperative interactions such as ferromagnetism and electrical 
conductivity are almost always drastically altered.
8-11
 However, the properties intrinsic to the 
molecule are likely to remain fairly similar; this is especially true for the parts of the molecules 
further away from the anchor-substrate interface.  
75 
 
A special requirement must be fulfilled when designing a bistable molecular junction. 
Although the molecular bistability may remain unaffected by attachment of the molecule to a 
solid substrate, the stability of the molecule-substrate interaction must not be interrupted by the 
switching process. The transition between two thermodynamically stable states involves a 
substantial energy input to overcome the kinetic barrier, after which many electronic and 
vibrational relaxation processes take place to reach the ground state of the new configuration.
12,13
 
As discussed in the previous chapters, a large kinetic barrier between the two states is often 
desired to prevent stochastic switching. However, the large barrier also leads to a slower reaction 
rate, a larger energy input required to trigger switching, and sometimes a larger geometric 
reorganization. Any of the above parameters could affect the molecule-substrate interaction and 
lead to dissociation or degradation of the adsorbed species.
14-16
  
The ability of a molecule to serve as a component of a bistable junction is often assessed 
by an established sequence of characterization methods at decreasing scales.
17-21
 First, the 
molecule is designed, synthesized, and chemically characterized in bulk; next the molecule is 
studied as a surface-bound species (often a thin film); and finally the molecule is incorporated 
(often as single molecules) into a device whose performance is measured. A successful 
molecular junction is one in which the molecules can be organized on a surface in a reproducible 
and precisely controlled way, and that is robust under switching and measurement conditions. In 
order to optimize the operation of the device, it is necessary not only to exercise careful control 
over synthetic design and fabrication protocols, but also to vary the experimental conditions such 
as the background atmosphere and temperature. 
In this chapter, we describe the electrochemical characterization of several bistable cobalt 
pyrazolylborate (CoTp2) molecules both as bulk solutions and as thin films. Specifically, CoTp2 
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species with bromide, carboxylic acid, thiazolidine, and thiol substituents described in Chapter 2 
are examined for their bistable oxidation states and associated d-electron configurations. In 
addition to the electrochemical studies, we describe our attempts to control the organization and 
morphology of these surface-bound species by varying the sample preparation methods and post-
fabrication treatments.  
 
3. Results and Discussion 
As potentially new bistable molecules for nanoelectronic applications, we have recently 
described the synthesis of several cobalt(II) tris(pyrazolyl)borate complexes of stoichiometry 
Co[(pz)3BC6H4R]2, where the para-substituent R on the phenyl ring is -Br, -CO2H, 
(thiazolidine), or -CH2NHCH2CH2SH. The latter two compounds were 
synthesized because thiols bind strongly to gold surfaces, and this pairing has been utilized 
extensively to fabricate molecular junctions.
22
 Like other dialkylsulfides, thiazolidine groups can 
also bind to metallic gold surfaces.
23,24
  
Electrochemical studies of CoTp2 species in solution. Because the bistability of the 
CoTp2 complexes involves the oxidation and reduction of the cobalt center, we have measured 
the cyclic voltammograms of the various CoTp2 complexes in thf. All of the substituted CoTp2 
species exhibit similar peak shapes, E1/2 values, and chemical stability after multiple traces. For 
the species we will discuss in this chapter, the E1/2 values and relevant Hammett parameters are 
listed in Table 3.1. The observed trend is consistent with the inductive effects of the substituents. 
Bromide has a para Hammett parameter (σp) of 0.23, and while there is not measured value for 
our specific –CH2NH(CH2)2SH group, a comparable group CH2NMe2 has a σp value of 0.01.
25
 In 
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the case of a thiazolidine substituent, it is likely to be more electron withdrawing than its linear 
analogue due to the sulfur-carbon bond. 
The Hammett parameters of these substituents, which indicate more electron withdrawing 
tendency at a more positive value, are consistent with the observed E1/2 values for bromide, 
thiazolidine, and thiol-substituted species. That is, with a more electron withdrawing substituent, 
the resulting complex becomes more easily reduced. However, this trend does not match the 
observed E1/2 value of -0.594 V for the carboxylic acid substituted complex, Co(Tp
PhCOOH
)2. The 
σp value for COOH is 0.45, which suggests that it should be the most easily reduced species in 
the series. The observed E1/2 value suggests that the protonation state of Co(Tp
PhCOOH
)2 in the 
reaction solvent (thf) may be different from expected. COO
-
 has a σp value of 0.11; if the COOH 
substituents of Co(Tp
PhCOOH
)2 were in the carboxylate form, the observed E1/2 would be well 
matched in the proposed trend.  
Table 3.1. Observed E1/2 values for the Co(II/III) redox couple for substituted CoTp2 species 
compared to the measured para Hammett parameters. 
Substituent E1/2 vs. Fc (V) σp 
Bromide -0.551 0.23 
Thiazolidine -0.573 N/A 
-CH2NH(CH2)2SH -0.620 0.01 (-CH2N(CH3)2) 
-COOH -0.594 0.44 (0.11 for COO
-
) 
Confirmation that the redox process involves the Co(II/III) couple was carried out by 
chemical oxidation of Co[(pz)3BC6H4-CO2H]2 to the corresponding cobalt(III) complex 
Co[(pz)3BC6H4-CO2H]2
+
; this oxidation was conveniently carried out by addition of one 
equivalent of NOBF4. The voltammogram of this isolated cobalt(III) complex is essentially 
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identical with that for the cobalt(II) complex (except the voltage at which the current is zero); 
this finding confirms that the observed redox reaction is between the 2+ and 3+ oxidation states 
of the cobalt center (Figure 3.1).  
 The peak shapes, peak separations, and dependence on scan rates give insight into the 
nature of the redox process. In the cyclic voltammograms of Co[(pz)3BC6H4-CO2H]2 at scan 
rates from 50 to 1000 mV/s (Figure 3.2a), the peak heights are proportional to the square root of 
the scan rate, which indicates that the electrochemical rates are diffusion controlled (Figure 
3.2b).
26,27
 As the scan rate increases, the cathodic peak broadens and shifts to less negative 
potentials; the net result is that the peak separation deviates more and more from the ideal value 
as the scan rate is increased. While it is less pronounced, the anodic peak follows the same scan 
rate dependence. This behavior differs from that exhibited by analytes for which the redox 
process is irreversible due to the formation of an unstable intermediate species,
28,29
 because in 
such cases the peak separation approaches the ideal value at higher scan rates.  
The present behavior indicates that the electrochemical reaction involves slow kinetics.
30-
32
 For these cobalt complexes, the behavior is consistent with the hypothesis that the spin 
reorganization following the redox process creates a kinetic barrier.
33,34
 The cyclic 
voltammogram of the parent complex CoTp2 has been investigated previously.
35
 A large 
difference in peak potentials of 430 mV was seen, which the authors stated was indicative of 
slow electron transfer kinetics; later workers attributed the slow kinetics to the different spin 
states for Co
II
 (high spin) and Co
III
 (low spin).
33,36
 Our observations add some new information: 
the kinetic barrier is mostly associated with the oxidation of cobalt(II) to cobalt(III), as judged by 
the strong dependence of the corresponding peak potential with scan speed; in contrast, the 
reduction of cobalt(III) to cobalt(II) shows a much weaker effect.   
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Figure 3.1. Cyclic voltammograms of (a) CoTp2
PhCOOH
 at 50 mV/s and (b) [CoTp2
PhCOOH
][BF4] 
at 100 mV/s in tetrahydrofuran at 25 °C. E1/2 = -0.594 V (vs. ferrocene); electrolyte = 
[Bu4N][PF6]. Arrows indicate the scan direction.  
  
80 
 
  
 
Figure 3.2. (a) Cyclic voltammograms of CoTp2
PhCOOH
 (inset) with E1/2 = -0.594 V (vs. 
ferrocene) in tetrahydrofuran as a function of scan rate from 50 to 1000 mV/s. Working electrode 
= glassy carbon; electrolyte = [Bu4N][PF6]. (b) Linear extrapolation of peak height versus the 
square root of scan rate indicated that the redox process is diffusion controlled. 
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Fabrication and characterization of CoTp2 self-assembled monolayers. A gold-on-glass 
substrate was immersed in a solution of Co[(pz)3BC6H4-CH2NHCH2CH2SH]2, and the resulting 
film was characterized by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). 
Due to the very small amount of analyte available, infrared spectroscopy is one of the few 
routine methods able to characterize SAMs.
37-39
 An overlay of the bulk IR spectrum as a Nujol 
mull and the surface DRIFTS spectrum (Figure 3.3a) shows that many of the strongest bands 
appear in both spectra (highlighted by the asterisks). The results suggest that the gold surface is 
covered by surface-bound CoTp2 species. 
The cyclic voltammogram of the surface-bound species, acquired using an acetonitrile 
electrolyte solution, showed a redox process at about E1/2 = -0.045 V with respect to the 
Ag/AgCl reference electrode. This value is consistent with the potentials seen for other Co
2+/3+
 
redox couple of molecules immobilized on a gold electrode in acetonitrile.
40-42
 In comparison, 
the E1/2 value of the CpFe
0/+
 redox couple for a gold electrode modified with ferrocene is around 
+0.5 V.
43
 The relative positions of surface bound CoTp2 and ferrocene species are consistent 
with those observed in solution. Reviews on electrochemical acquisition and analysis of self 
assembled monolayers are available elsewhere.
44,45
 
The spectroscopic and electrochemical characterizations of the solution-deposited SAMs 
demonstrate that Co[(pz)3BC6H4-CH2NHCH2CH2SH]2 is able to undergo electrochemical 
processes without delamination. In addition, these samples could be fabricated and handled in air 
at room temperature.   
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Figure 3.3. (a) DRIFTS of the Co[(pz)3BC6H4-CH2NHCH2CH2SH]2 self-assembled monolayer 
on gold (red trace) and IR spectrum of the bulk complex in Nujol between NaCl plates (blue 
trace). Asterisks highlight the overlap of major absorptions. (b) Cyclic voltammogram of 
Co[(pz)3BC6H4-CH2NHCH2CH2SH]2 self-assembled monolayer on gold in acetonitrile at room 
temperature. Working electrode = gold (substrate); E1/2 = -0.045 (vs. Ag/AgCl); electrolyte = 
[Bu4N][PF6]  
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Thermal analysis. In the studies above, samples of Co[(pz)3BC6H4-CH2NHCH2CH2SH]2 
on gold substrates were fabricated by immersion of the substrate in a solution of the cobalt 
complex. However, monolayers can also be fabricated by exposing the surface to a vapor of the 
species produced by sublimation.
46,47
 Although this method is not as commonly employed 
because more complex instrumentation is required and the adsorbate must be volatile, 
sublimation often produces high purity films that are compatible with high-resolution imaging 
methods.
48,49
 It is important to prove that the adsorbates are thermally stable at the temperatures 
needed to sublime them under vacuum, especially if the molecules have limited volatilities and 
the sublimation temperatures are high. 
Whether the device is fabricated through solution or sublimation methods, the cleanliness 
of the film is of utmost importance if single- or few-molecule manipulation and measurement are 
the end goals. Aside from careful handling during the synthetic and film deposition steps, a 
rigorous degas process is often necessary to eliminate volatile contaminants such as water and 
solvents that could interfere with the imaging and characterization. To accomplish this, the 
sample is typically heated in the STM imaging chamber to 300-400 °C under reduced pressure 
for several hours. To be able to employ a degas step, however, it is also important to show that 
the adsorbate of interest is stable at the degas temperature. Understanding the thermal stability of 
the adsorbate also allows us to optimize the parameters during imaging experiments.
50,51
 For 
example, an important factor is the adsorbate must be mobile on the surface in order to form 
ordered overlayers.
46,52-54
 Annealing films at elevated temperatures often improves the ordering, 
and leads to better STM images, but it is important to establish that the annealing is not 
decomposing the adsorbed molecules.  
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Thermogravimetric analysis (TGA) provides a speedy and simple way to measure the 
temperature stability of a compound. Three species were investigated using TGA: 
Co[(pz)3BC6H4R]2, where R is -Br, -CO2H, , or -CH2NHCH2CH2SH. 
(Scheme 3.1).  
Co B C6H4BrN N
N N
N N
Co B C6H4N N
N N
N N
S
H
N
Co B C6H4N N
N N
N N
NHHS
CoTp2-bromide (1) CoTp2-thiazolidine (2) CoTp2-thiol (3)  
Scheme 3.1. The three cobalt tris(pyrazolylborate) complexes in this study. 
TGA results are shown in Figure 3.4 below, and selected thermal events listed in Table 
3.2. In both 1 and 2, a small mass decrease at about 90 °C corresponded to the loss of residual 
toluene from the final purification steps. The bromo compound 1 is thermally stable up to about 
350 °C, whereas the thiazolidine compound 2 started to decompose at 250 °C. 
Not surprisingly, the thiol species 3 was the least thermally robust of the three 
compounds studied. Gradual mass loss commenced at about 130 °C and continued until the 
weight stabilized at ca. 550 °C. Although the thermal stabilities of the three compounds are quite 
different, the final measured weights for 2 and 3 are both ca. 31%, a result suggesting that they 
decompose to the same final product. 
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Figure 3.4. Thermogravimetric analyses under nitrogen of CoTp2 complexes substituted with (a) 
bromide, (b) thiazolidine, and (c) thiol groups.  
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Species Desolvation (°C) Decomposition (°C) 
CoTp2-bromide, 1 89.3 321.3 
CoTp2-thiazolidine, 2 90.2 250.1 
CoTp2-thiol, 3 N/A 128.5 
Table 3.2. TGA data summary 
Imaging of sublimation-deposited films. Because CoTp2-bromide (1) had the highest 
thermal stability of the cobalt complexes we prepared, we began our in situ high-vacuum 
sublimation experiments with this molecule. Sublimation of 1 was investigated by heating its 
container to progressively higher temperature under reduced pressure (~10
-6
 Torr) in proximity 
to a gold substrate. After each treatment, the substrate was transferred into the STM chamber and 
imaged. Figure 3.5 below summarizes the results of this experiment. When the films are 
deposited at elevated source temperatures, no single molecules or small clusters were observed 
and instead the images are streaky (Figure 3.5c-d). The streakiness indicates that the adsorbate 
molecules are highly mobile on the suface.
55,56
 This is to be expected for species 1 due to the 
weakness of the Au-Br interaction. 
Ex situ characterization of the gold substrate dosed with 1 by EDS (Figure 5e) showed 
the presence of cobalt, boron, nitrogen, carbon, and bromine—every component of the 
electroactive species. Specifically, the Co:Br ratio was shown to be 1:2. In addition, the material 
remaining unsublimed in the source container was recovered and shown to be undecomposed 1. 
Based on these observations, we concluded that in situ sublimation of 1 was an effective way to 
prepare an overlayer on gold; however, the low adsorbate-substrate interaction leads to poor-
quality, streaky STM images. 
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Figure 3.5. Ultrahigh vacuum scanning tunneling microscopy (STM) images of (a) bare Au(111) 
before deposition, and after sublimation of CoTp2-bromide (1) at a source container temperature 
of (b) 100 °C, (c) 165 °C, and (d) 195 °C. (e) Large area EDS spectrum of the same substrate. 
All images are taken at a tip-sample bias of -2 V and a current of 50 pA.  
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A similar sublimation experiment was conducted on the thiol-substituted species, 3. 
Streaky images were obtained at all sublimation temperatures attempted (90 °C to 140 °C). There 
was evidence that the source temperature was being underestimated, however: the material 
recovered from the source container was charred. 
Future studies will investigate the sublimation of the cobalt thiazolidine species (2) onto 
gold. We have, however, investigated the formation of overlayers of this material by solution 
immersion methods, as we now detail.  
Imaging of solution-deposited films. There is an abundance of STM
57-59
 and AFM
60-62
 
images of self-assembled monolayers, the vast majority of which are deposited by solution 
immersion methods. Because the cobalt compound 3 bears thiol groups that are known to form 
SAMs on gold, our first solution deposition experiments were conducted with this molecule. The 
gold substrate was immersed in a 10 mM toluene solution of CoTp2-thiol (3) overnight followed 
by a low temperature (~80-100 °C) degas.  
AFM image of this samples (Figure 3.6) suggested that more than a monolayer of 3 had 
been deposited during the immersion process. It is possible that multilayers are formed by means 
of disulfide linkages generated by oxidation of the thiol groups.
63
 Although a mild degas may be 
able to eliminate volatile organic species such as water and solvent, it could not remedy the 
overdeposition observed in this case.  
We therefore turned changed the immersion conditions to deposit less material. It is 
known that the kinetics of SAM deposition from solutions can be controlled by varying the 
solute concentration.
64-66
 In an attempt to avoid overdeposition, we carried out all subsequent 
depositions with a 1 mM solution of 3 (instead of 10 mM). 
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Figure 3.6. Ambient atomic force microscopy (AFM) images of (a,b) clean gold (111) on mica 
and (c,d) gold(111) after immersion in 10 mM solution of CoTp2-thiol (3) in toluene for 24 
hours. Image (d) shows that too much material had deposited on the surface.  
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The surfaces were imaged using an atmospheric STM/AFM hybrid instrument (Figure 
3.7). Atmospheric STM typically yields lower resolution images than UHV-STM but is less 
sensitive to mobile surface species and often gives good results without a degas process.
67
 The 
atmospheric technique is frequently utilized for samples that are incompatible with either 
vacuum or high temperature conditions, such as biological samples or soft materials. Although 
quantitative analysis is complicated by atmospheric adsorbates on both the sample and tip 
surfaces, it is a convenient method to acquire qualitative topographic information of the sample 
without elaborate sample preparation. 
Although the images of the gold surfaces after immersion in 1 mM solutions of 3 were 
still somewhat streaky, small circular features about 10 nm in diameter were observed in both 
STM and AFM images. The height profiles in the STM image indicated that the features are 
about 0.4 nm tall; the height profiles in AFM images suggested that the features were about 1 nm 
tall. These differences in height are expected, because AFM technique measures intermolecular 
forces whereas STM measures tunneling current. As a result, AFM results often reflect true 
physical heights, whereas STM height measurements are a convolution of surface electronic state 
as well as the topography.
68,69
 If the surface species are less conductive than the substrate—as it 
likely is in this case—the apparent feature heights in STM would be lower than the true heights. 
However, this factor should not affect the lateral dimensions. 
Both STM and AFM images of the thiol sample suggest that a sub-monolayer has been 
deposited by immersing the gold surfaces in 1 mM solutions. In the typical deposition of SAMs, 
the surface is covered rapidly by individual molecules in random orientations. Subsequently, 
gradual nucleation of crystalline domains and coalescence of the various ordered islands 
occurs.
70,71
 Our imaging results are consistent with the hypothesis that by removing the sample 
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from the growth solution after 24 hours, the monolayer growth was stopped during the ordering 
process, forming molecular aggregates of approximately uniform sizes. A physical height of 
about 1 nm indicates that the molecules are attached at an angle to the surface normal, as is often 
observed in other Au-thiol SAMs.
65,72
 
CoTp2-thiazolidine (2) was deposited on gold in the same manner. Thermal analysis 
showed that 2 is significantly more thermally robust than 1 (stable up to 250 °C). The thermal 
stability allowed us to attempt UHV-STM imaging on the sample. A very moderate degas 
procedure showed streaks but clear evidence of small clusters distributed on the surface (Figure 
3.8a). The imaging became more stable and showed these cluster-like features more clearly after 
a higher temperature degas (Figures 3.8c-e). Similar to the topography observed in the thiol 
samples, these circular features were about 10 nm in diameter and 1 nm in height. The taller 
features in STM images of 2 compared to 1 could be a result of two possible factors. First, 
because the thiazolidine ring is more rigid than the linear thiol chain, the cobalt thiazolidine 
complex could be could be more upright on the surface. Second, the π system in 2 is longer and 
more conjugated compared to 1, making the molecule more conductive and increasing its 
apparent height. 
Although the images in Figures 3.7-3.8 suggest that molecular species are immobilized 
on the surface, single-molecules could not be resolved. This result is likely a physical constraint 
of these species; perhaps even the thiol-anchored species are quite mobile on the surface. 
Scanning tunneling spectroscopy (STS) was not performed during the imaging experiment 
because a stable imaging condition is required to produce meaningful spectroscopic data.
73,74
 
There are several possible solutions to this problem. The first is to strengthen the anchor-surface 
interaction. For example, a dithiol or polythiol anchoring group could be employed to provide 
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additional points of attachment.
75-78
 It is also possible to change the anchor-surface pairing to 
form Si-O bonds by using an alkoxide-substituted species and a silicon substrate.
79-81
 Finally, the 
STM experiments could be performed under cryogenic conditions, at which surface mobilities 
are small.
82
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Figure 3.7. (a) Ambient STM and (c,e) AFM images of CoTp2-thiol (3) on Au(111) fabricated 
by a solution process. (b, d, f) Height profiles along lines indicated in (a, c, e), respectively. All 
STM images were taken at tip-sample bias of -2 V and a current of 50 pA.  
94 
 
 
Figure 3.8. UHV-STM images of CoTp2-thiazolidine (3) on Au(111) (a) after a degas at 0.5 W 
(Tsubstrate ~80 °C) for 12 h. (c-e) Same sample after a degas at 4 W (Tsubstrate ~ 250-350 °C) for 1 h. 
(b,f) Height profiles through lines drawn in (a) and (d), respectively. All images were taken at a 
tip-sample bias of -2 V and current of 50 pA.  
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4. Conclusions 
Cobalt bis[tris(pyrazolyl)borate] complexes with various substituents were evaluated as 
possible candidates as bistable molecular junction components. Their cyclic voltammograms in 
solution were obtained. All of the CoTp2 species have similar E1/2 values and peak shapes. The 
cathotic peak became less reversible at higher scan rate, while the anodic peak remained 
relatively stable; this behavior is attributed to spin reorganization followed by the oxidation 
process. Self-assembled monolayers were formed by immersing gold substrates in a solution of 
thiol-substituted species. Thin film spectroscopic and electrochemical characterizations 
suggested that a stable surface-bound species was produced.  
Self-assembled monolayers deposited by both solution and sublimation methods were 
imaged by STM and AFM. Attempts to image the surface-bound molecules 1, 2, and 3 are 
summarized in Table 3.3. The results suggest that in situ sublimation may be best, provided that 
the source container temperature is not too high. Solution deposition is also a suitable method, 
even for UHV-STM, if a moderately rigorous degas procedure is available. The low thermal 
stability of the thiol-substituted species prohibits high-temperature degas and sublimation of the 
species, rendering it in compatible with the UHV environment. 
Table 3.3. Self-assembled monolayer deposition results 
Species Deposition method Results 
CoTp2-bromide Sublimation Too mobile to image 
CoTp2-thiol Sublimation Thermal decomposition 
CpTp2-thiol Solution Observed in atmospheric STM & AFM 
CoTp2-thiazolidine Solution Observed in UHV STM 
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Solution depositions of both thiol- and thiazolidine-substituted species showed circular 
features of consistent diameters and heights. The imaging results suggested that the deposition 
process may have been halted during the nucleation of ordered domains. Molecular-level 
resolution was not accomplished, possibly due to the mobility of the bound species. Improved 
resolution may be achievable by strengthening the molecule-surface interaction or by lowering 
the operating temperature of the SPM instrument.  
 
5. Experimental 
All syntheses were carried out in vacuum or under argon using standard Schlenk 
techniques. Synthetic preparations of all the substituted CoTp2 complexes used in this chapter are 
described in Chapter 2. Thermogravimetric analysis was performed on a Thermo-Fisher Cahn 
Thermax 500 Thermogravimetric Analyzer. Evaporated gold substrates were fabricated using a 
turbo-pumped, home-built dual-metal evaporator at the Beckman Institute Imaging Technology 
Group. Atmospheric STM and AFM (tapping mode) images were acquired on an Asylum 
Cypher AFM system.  
Cyclic voltammetry of CoTp2 solutions. Solution electrochemical experiments were 
carried out on CH Instruments Model 600D Series Electrochemical Analyzer. Cyclic 
voltammetry experiments were conducted using a 10-mL one-compartment glass cell with a 
tight-fitting Teflon top. The working electrode was a glassy carbon (GC) disk (diameter = 3.00 
mm). A silver wire was used as a quasi-reference electrode, and the counter-electrode was a Pt 
wire. Ferrocene was added as an internal reference, and the voltage scale of each cyclic 
voltammogram was referenced to this Fc
0/+
 couple (= 0.00 V). thf used in the CV experiments 
was distilled under nitrogen from sodium/benzophenone immediately before use and saturated 
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with argon to eliminate the O2 signal. The CH Instruments software was used to compensate all 
measurements for internal resistance. Cell resistance was determined before each scan, and the 
correction applied to the subsequently collected cyclic voltammogram. A cyclic voltammogram 
of the 0.1 M electrolyte solution was collected before the addition of the CoTp2 complexes, in 
order to check the purity of the electrolyte. The CoTp2 sample was then dissolved in the 
electrolyte solution and transferred to the cell. The final concentration of CoTp2 complex was 1.0 
mM. The sample solution was saturated with argon before each measurement to eliminate the 
oxygen signal. 
Surface IR characterization of SAMs. Glass microscope slide covers were cleaned by a 
Piranha solution immediately before use. Gold (50 nm) was evaporated onto the substrate with 
an adhesion layer of chromium (~2 nm). Immediately before film deposition, the gold substrate 
was rinsed with deionized water and methanol, then immersed in a dichloromethane solution of 
the thiol-substituted CoTp2 species (1-10 mM) for 48 h at room temperature, after which the 
samples were rinsed with dichloromethane and hexanes, and dried under a gentle stream of air. 
The samples were characterized on a Thermo Nicolet Nexus 670 with parabolic mirror DRIFTS 
attachments at the Materials Research Laboratory Laser and Spectroscopy Facility. The 
deposited substrates were broken into appropriate sized pieces using stainless steel tweezers 
immediately before the spectra were acquired. Once the sample was mounted, the instrument 
was cooled to 77 K and flushed with dry nitrogen for 10 minutes (without which the CO2 and 
H2O signals are substantial). Sixteen scans were acquired for each spectrum. 
Cyclic voltammetry of CoTp2 SAMs. A working electrode consisting of a 10 mm diameter 
polycrystalline Au disk was rinsed with acetone, dried with compressed air, and immersed 
directly into a dichloromethane solution of CoTp2-thiol (10 mM) for 48 h; the sample was rinsed 
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with dichloromethane immediately before use. Electrochemical measurements were performed in 
a standard three-electrode configuration using a CHI760C or CHI 760D potentiostat (CH 
Instruments). The working electrode was placed in hanging meniscus contact with the 
electrolyte. A Pt gauze counter electrode was separated from the working electrode by a porous 
glass frit, and a “no leak” Ag/AgCl reference electrode (Cypress Systems) was isolated with a 
Luggin capillary. The electrolyte consisted of a 100 mM [Bu4N][PF]6 solution in acetonitrile.  
In situ sublimation of CoTp2 species. Gold substrates used in imaging experiments were 
fabricated by sputtering gold (200 nm) on cleaved mica substrates that are heated to 400 °C 
under 10 mTorr of argon, followed by hydrogen annealing to produce atomically flat gold 
surfaces. In an isolated chamber connected the STM imaging chamber, the substrate was 
degassed by heating to 300-400 °C overnight at about 10
-8
 Torr. In the chamber, a quartz 
container packed with solid precursor was placed directly in front of the gold substrate. The 
container was heated to the desired temperature as monitored by a tungsten thermocouple 
situated inside the source container under a background pressure of about 10
-6
 Torr for about 10 
minutes during each deposition attempt. After deposition, the heating elements were switched off 
and the components were allowed to cool to room temperature, at which point the substrate was 
transferred to the STM chamber and imaged. 
Solution deposition of CoTp2 SAMs. Gold substrates prepared as described in sublimation 
experiments were rinsed successively with acetone and isopropanol, dried under compressed air, 
and rinsed with toluene. The substrates were immersed in 1-10 mM solutions of the CoTp2 
species in toluene for 24 hours. After this immersion, the substrates were removed, rinsed with 
toluene and pentane, and dried with N2 immediately before imaging. To improve the quality of 
images in the UHV-STM experiments, solution deposited samples were degassed in the loading 
99 
 
chamber at progressively increasing temperatures from ~80 °C up to 350 °C, depending on the 
thermal stability of the molecule. After each degas, the sample was moved to the imaging 
chamber to check the quality and stability of the resulting image. Barring thermal decomposition, 
the imaging should stabilize and become less streaky as the degas temperature increase due to 
the elimination of mobile species. When the sample was heated above its thermal tolerance, 
decomposition took place and formed various mobile molecular fragments, which degraded the 
image quality and led to streaks and unstable imaging between each line. 
Ultrahigh vacuum scanning tunneling microscopy (UHV-STM). All imaging was carried 
out in a home-built, room temperature UHV-STM chamber with a base pressure of 3 × 10
-11
 Torr 
The electrochemically etched tungsten STM tips were grounded, and a bias was applied to the 
sample. For the images acquired in this chapter, the current set point for the constant current 
topograph was 50 pA with tip-sample bias of -2 V. 
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CHAPTER 4. Selective metallization and self-healing for high performance carbon-based 
nanoelectronic components 
 
1. Contributions 
This chapter describes a new chemical approach to improve the performance of carbon 
nanotube FET devices. The nature of the project was highly multidisciplinary and made possible 
by the collaborative effort of many research groups. I selected and synthetized the chemical 
precursor and conducted preliminary screening of bulk films prior to applying them to the 
nanosoldering system. J.-W. Do of the Lyding group and I worked together to design 
experiments, plan and modify instrumental setups, and interpret the results. J.-W. Do prepared 
the sample devices, conducted most of the nanosoldering experiments, acquired spectroscopic 
data and SPM images, and was the primary contributor of the manuscript based on the CVD 
work discussed in Section 3 of this chapter. D. Estrada of the Pop group aided in the CNT 
network device fabrication. X. Xie of the Rogers group provided us with the crossbar devices. 
Dr. R. Haasch of the Center for Microanalysis of Materials at MRL acquired the XPS spectra of 
the Pd films. I also received generous help from the colleague in my own research group; P. J. 
Sempsrott synthesized the 1,3,5-tris(2-bromophenyl)benzene while J. L. Mallek prepared and 
loaded the Hf(BH4)4. Their assistance is gratefully acknowledged.  
 
2. Introduction 
Carbon-based nanomaterials—such as carbon nanotube and graphene—could eventually 
enable the further miniaturization of CMOS devices down nearly to the atomic limit, .
1
 At very 
small dimensions, carbon nanomaterials maintain their thermal and electrical conductivities 
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whereas silicon materials lose their bulk properties. In addition, carbon nanomaterials possess 
outstanding strength and optical transparency compared to conventional oxide materials. 
However, the reliable synthesis and manipulation of carbon-based nanomaterials remain a 
challenge. Even minor variations in crystallinity, orientation, and interface structure greatly 
affect the performance of each device. The work presented in this chapter aims to develop new 
chemical techniques to remedy the defects associated with low-cost carbon nanotube devices. 
With an effective process, production of reliable carbon-based electronic components may 
become cost-effective and scalable in the future. 
Carbon nanotube devices. Carbon nanotubes (CNTs) are carbon allotropes with a 
cylindrical structure. CNTs can range from metallic to semiconducting, depending on the 
topology and the diameter of the tubes. Because semiconducting single walled CNTs have high 
charge carrier mobilities, they have been extensively investigated as a new material for field-
effect transistor applications (Table 4.1).
2-4
  
Table 4.1. Summary of measured electrical and thermal conductivities for carbon-based 
nanomaterials compared to silicon. *Universal mobility at 300K. 
Material Carrier mobility (cm
2
/Vs) Thermal conductivity (W/mK) 
CNT
5-7
 10
3
 – 10
5 
3×10
2
 – 3×10
3 
Graphene
8,9
 10
3
 – 10
5
 10
2
 – 10
3
 
Silicon
10,11
 10
2
 – 10
3
* 10
1
 – 10
2 
Despite their superior properties, there are clear disadvantages to incorporating individual 
CNTs into a device. CNTs are typically grown in a CVD process, which results in a 3:1 
distribution of semiconducting and metallic tubes.
12
 In order to utilize only semiconducting 
tubes, additional separation steps must be carried out, during which the tubes are often 
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damaged.
13
 Other issues with utilizing the single tube devices include the current carrying limit 
and the difficulty in handling them due to their lack of mechanical strength.
14
  
Due to the practical fabrication issues associated with individual CNTs, CNT networks 
have increasingly gained popularity. As grown by CVD on a planar substrate, these networks 
consist of randomly oriented, mixed metallic-semiconducting CNTs that exhibit field effect 
transistor (FET) properties and can be patterned to the desirable geometric configuration using 
lithographic or printing methods.
15
 Under appropriate conditions, CNT networks have higher 
carrier mobility than organic or amorphous silicon thin film transistors.
16,17
 In addition to their 
potentially superior electrical characteristics, CNT networks are also desirable for their possible 
applications in flexible and transparent electronics.
18
  
Despite their low fabrication cost and promising potentials, CNT networks have their 
share of drawbacks. One way to benchmark transistor performance is the ratio between the 
current flow during on and the off states (ION/IOFF). In field effect transistors, the two states are 
switched by source-gate voltage to either allow or restrict current flow between the source and 
drain electrodes. The larger this ratio, the more effective the device is. The metallic CNT 
components in as-grown CNT networks lead to an increase in the off state current and decreases 
the device performance.
17
 
Another disadvantage of CNT networks is that the tube-tube junctions are often 
resistive.
19,20
 For example, a recent report suggests that when the current is passed through a 
CNT network during device operation, these junctions can be resistively heated to trigger 
thermal degradation of the CNTs (~600 °C) while the average temperature of the device is 
merely around 100 °C.
2
 Thus, the high electrical resistance not only negates the desirable 
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electrical properties of the individual CNTs, but also leads to damage of the CNT junctions 
simply by operating the device. 
Graphene devices. Graphene is a 2-dimensional, single layer network of sp
2
-hybridized 
carbon. The extended π-conjugation of the graphene sheets mediates electron conduction and 
weak interaction with the underlying substrate in a device.
21
 Similar to CNTs, graphene 
possesses many outstanding characteristics that have attracted attention from the nanoelectronic 
field. Single layer graphene is a zero bandgap semiconductor with a charge carrier concentration 
of up to 10
13
 cm
-2
 and excellent mobility and thermal conductivity (Table 4.1).
22,23
 When 
graphene is formed into ribbons, its bandgap widens and field effect transistors can be 
fabricated.
24-26
 Additionally, graphene has high mechanical strength—with a measured Young’s 
modulus of 1.0 TPa—and optical transparency in both the visible and UV ranges.
27,28
 Compared 
to traditional transparent electrode materials such as indium tin oxide (ITO), which suffers from 
significant degradation in transport properties at merely a 60° bending angle, graphene electrodes 
show no degradation in their conductivity even when bent up to 138°.
29
 These properties make 
graphene a promising candidate as a flexible and transparent electrode, especially in 
optoelectronic applications. 
The practical drawbacks of graphene based devices are very similar to those that utilize 
CNT components. Syntheses of graphene can be roughly divided into two categories. In the first, 
mechanical exfoliation of graphite followed by reduction offers high quality graphene but at very 
small dimensions, which are incompatible with wafer-scale device application.
30
 On the other 
hand, CVD of graphene on catalytic metal substrates such as nickel or copper offers a low cost 
means to grow large area graphene monolayers that may be incorporated into devices.
31-33
 
However, the transport characteristics of large graphene sheets are impeded by the 
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polycrystalline nature of the graphene.
34
 Analogous to the intertube junction in the CNT 
networks, the grain boundaries between the various crystalline domains act as resistive defect 
sites when charges propagate through the device.
35
 
Current methods to heal defect sites in carbon nanomaterials. Some methods have been 
proposed to decrease junction resistance in CNT networks. For example, dip-pen lithography can 
be used to apply conductive materials to each of the junction site using contact-based methods.
36
 
Alternatively, electron beam-induced deposition (EBID) in a gaseous atmosphere of chemical 
precursor can be used to deposit conductive material at each junction targeted by the electron 
beam.
37
 However, both of these methods require individually and sequentially addressing each 
junction. They are time consuming and not easily scalable. No method to improve 
polycrystalline graphene device performance through healing of the grain boundary has been 
reported. In this chapter, we report two novel self-healing methods that utilize the intrinsic 
thermal resistance of the device. 
 
3. Chemical vapor deposition nanosoldering of carbon nanotube junctions
38
 
The thermally resistive junctions of CNT networks generate local hot spots when a 
current passes through the device. If this heating is carried out under an atmosphere of a 
chemical vapor deposition (CVD) precursor, the CVD process should selectively deposit 
material onto the resistive junctions. If the CVD process affords an electrically conducting 
deposit, then the deposition should “nanosolder” only the most resistive (hottest) junctions, and 
leave the good junctions alone. The treatment should result in decreased junction resistance and a 
lower junction temperature. Thus the nanosoldering should be self-limiting: CVD should cease 
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once enough material had been deposited to lower the resistance and the junction temperature 
below the CVD onset temperature.  
Experimental setup. The experimental design aims to couple CVD and electrical 
feedback capabilities into the same instrument. This apparatus consists of a deposition chamber 
with a heated dosing capillary that points directly at the sample stage. The dosing capillary is 
connected to both the source container as well as a supply of carrier gas. To remove the 
byproduct gas and keep the pressure in the chamber low, the chamber also has an outlet 
controlled by a gate valve that connects to a vacuum pump. To induce deposition and perform in 
situ measurements, a three point electrical connection (source, drain, gate) was established 
between the chamber interior and an external electrical analyzer (Figure 4.1a). The deposition 
chamber achieves a pressure of about 10
-6
 Torr during the experiments.  
Two CNT device geometries were utilized in these experiments. The first is a randomly 
oriented CNT network as described in the previous section; these networks were grown on 
SiO2/Si substrates (which act as the gate) using a CVD process, after which palladium electrodes 
were added to two edges of the network by evaporation (Figure 4.1b). The second device 
geometry is a cross bar array prepared as follows. Aligned CNTs were grown by CVD on a 
quartz substrate. Individual CNTs were then transferred by a stamping process to create pairs of 
CNTs that cross and are oriented perpendicular to one another in a 4-electrode configuration 
(Figure 4.1c).
39
 The crossbar devices produce very few inter-tube junctions, so that specific 
target junctions could be heated and re-localized easily ex situ. 
Precursor selection. In order to improve the electrical contact of CNT and graphene 
junctions without introducing Schottky barriers due to mismatches in work functions, which 
hinders the carrier mobility of the device (Figure 4.2),
3,40,41
 judicious selection of the nanosolder 
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material is necessary. Elemental palladium has work function (Φ = 5.2-5.9 eV) similar to that of 
single-walled CNTs (Φ = 4.7 eV). In addition, palladium possesses advantageous wetting ability 
on carbon allotropes, which also makes it a popular material for electrodes in carbon devices. 
42
 
These considerations led us to select CpPd(allyl) as a chemical precursor to deposit elemental 
palladium as the nanosolder material.  
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Figure 4.1. (a) Schematic diagrams of the vacuum system of our CVD nanosoldering 
instrumentation. The electrical connections are used to both control the experimental parameter 
during deposition and provide in situ charge transport measurements. (b) Schematic diagram of a 
CNT network device. The red dots highlight the inter-tube junctions to be heated. (c) Schematic 
diagram of a CNT crossbar device. Red platforms represent Pd electrodes where the voltage is 
applied (while the blue ones are left floating during the experiment). The yellow lines and red 
dots represent the selected path of current flow and junctions that generate hot spots, 
respectively. 
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Figure 4.2. Band diagrams at the Pd-CNT-nanosolder interfaces showing (a) (top) a back-to-
back p-type junction when a high work function material such as Pd is used to connect two 
semiconducting CNTs and (bottom) back-to-back pnp junctions when a low work function metal 
such as HfB2 is used. Analogous band diagrams for conductive materials of various work 
functions to connect (b) two metallic CNTs and (c) a semiconducting and a metallic CNT. 
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CVD nanosoldering experiment with CpPd(allyl). CpPd(allyl) is a volatile compound that 
undergoes thermolysis to deposit metallic palladium; the idealized mechanism is reductive 
elimination but hydrogen transfer steps to form cyclopentadiene and propene also take place.
43,44
 
 
Without the use of a reducing co-reactant, the threshold temperature for this reaction is about 
250 °C.
44
 Because the CNT network junctions can reach temperatures up to of 600 °C during 
operation (at which point the material beings to break down), this precursor was selected for the 
experiment.
45
 
After the sample was loaded into the deposition chamber, the chamber was evacuated to 
10
-6
 Torr, the sample stage was flash annealed at 325 °C, and then recooled to room temperature. 
The CNT array was then heated by passing current through the device to desorb the remaining 
oxygen on the sample until no further change in transport characteristic was observed. This step 
was taken to ensure that any subsequent changes in transport characteristics must be attributed to 
the CVD process. The deoxygenated CNT network devices exhibit n-type behavior under 
vacuum and convert to p-type in air.
46
 
After the deoxygenation step was complete and the chamber pressure stabilized, the 
precursor was introduced into the chamber. During the deposition process, a gate voltage of up to 
15 V was applied so the CNT networks remained in the “on” state; various drain voltage (5 to 35 
V) and deposition times were used. After the treatment, the samples were stored in ambient 
conditions for several days to re-adsorb oxygen before ex situ characterization. 
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 SEM images of a crossbar device after treatment with CpPd(allyl) are shown in Figure 
4.3a. The images on the right are enlarged from the area indicated by the yellow dotted square of 
the left before and after the nanosoldering treatment. Although there is a slight increase in the 
imaging contrast, no obvious localized deposition was observed. Figure 4.3b shows the transfer 
characteristics of the device before and after the treatment in both linear and log scales. There is 
a marked increase in ION and a smaller but still observable decrease in IOFF. We attribute the 
increase of on current to the localized deposition of nanosolder material and the resulting larger 
available area for electron flow (and thus a lower resistance) and the decrease in the off current 
to the additional Schottky barrier introduced by Pd deposition. On average, the device mobility 
increase by a factor of ~6.  
Although the device performance was improved significantly, palladium deposition could 
not be confirmed visually or chemically during these experiments. In order to characterize the 
deposited material, the nanosoldering process was carried out deliberately with high currents for 
longer times on another crossbar device to produce a large amount of deposition. Palladium 
nanoparticles from sub-10 nm up to 30 nm were detected using SEM and AFM, and its identity 
was verified using EDS (Figures 4.3e-f). 
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Figure 4.3. (a) (Left) SEM image of a crossbar device before Pd deposition. (Right) Enlarged 
images of the area indicated by yellow dotted box (top) before and (bottom) after Pd deposition 
where current was passed between the two false-colored red electrodes to heat the junctions.. (b) 
Linear and (c) log scale transfer characteristics of the device before and after Pd deposition with 
VDS = 1 V. The arrows indicate the VGS sweep direction. (e) SEM image of a crossbar device 
after deliberate overdeposition of Pd and (f) EDS of the spots indicated in (e).  
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Nanosoldering experiment with HfB2. In order to investigate the impact of work function 
match on the effectiveness of nanosoldering, Hf(BH4)4 was used as a second precursor. When 
heated, Hf(BH4)4 loses diborane and dihydrogen to deposit metallic HfB2 (Φ = 3.5 eV).
47,48
 
 
The HfB2 experiment was conducted in the same way as the palladium depositions. After the 
treatment, highly contrasted spots were observed both on the intertube junctions as well as along 
the length of some tubes in the SEM image (Figure 4.4a). The deposited material indicates the 
locations of resistive intertube junctions and also CNTs that carry an unusually high current 
density owing to the topology of the network; these coated CNTs bridge what would otherwise 
be gaps in the connectivity of the network. The depositions on the CNTs can be eliminated by 
tuning the applied voltage (Figure 4.4c). The EDS data, which was obtained on several of the 
high contrast spots, confirmed the deposited material to be HfB2 (Figure 4.4b). 
 The I-V curve of this sample only shows a ~26% increase in the ION/IOFF ratio (Figure 
4.4d). Many other samples, in both network and cross bar geometries, shown no change or even 
degraded transport characteristics. The lack of improvement in the Ion/Ioff ratio is consistent with 
the hypothesis that the highly mismatched work functions between the CNTs and the deposited 
HfB2 has created a back-to-back pnp junction (Figure 4.2a) which can degrade the current 
transport of the device. Due to the ineffectiveness of HfB2 nanosoldering at increasing the 
junction overlap, the junctions do not cool down enough to terminate the deposition process. As 
a result, much larger islands of the deposited material are observed. In addition, the larger 
electron scattering of Hf vs Pd gives the deposits a greater contrast in the electron micrographs.  
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Figure 4.4. (a, c) SEM images of CNT networks (left) before and (right) after deposition of 
HfB2, which is false-colored in yellow, by flowing current between the two false-colored red 
electrodes. (b) Energy dispersive X-ray spectroscopy (EDS) spectra from the brightly contrasted 
spots (red) and on CNTs in the same device where no HfB2 was deposited (blue). (d) Linear and 
(e) log scale transfer characteristics of the CNT network devices before and after HfB2 
deposition with VDS = 50 mV. (f) Histogram showing the ION/IOFF improvement ratio upon the 
control experiment (black), HfB2 deposition (red), and Pd deposition (green).  
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4. Solution based nanosoldering of carbon nanotube junctions and polycrystalline graphene 
domain boundaries 
Although the CVD nanosoldering of CNT network devices is successful, it has several 
drawbacks. One is that the precursor and its byproduct must be volatile; for many precursors 
(and all the ones we have explored), effective transport requires a vacuum system because the 
volatilities are moderate. Experiments that are conducted under vacuum are more time-
consuming, complex, and expensive to implement compared to methods that can be carried out 
at atmospheric pressure. It is time consuming to re-evacuate the chamber after it is vented to load 
the samples. In addition, the electrical connections to the CNT network must be established ex 
situ due to the difficulty in sample manipulation inside the vacuum chamber: in order to probe a 
separate device on the same substrate, one must vent the chamber, move the electrodes, and then 
reevaculate the chamber. As a result, only one device can be treated during each experiment, 
making batch processing difficult.  
Although CVD can afford deposits of high purity and conformality, non-CVD deposition 
methods offer the prospect of higher speed, larger scale, and easier implementation. In particular, 
deposition of solid material from the solution phase, chemical solution deposition (CSD),
49
 is a 
widely employed process. Techniques such as ultrasonic spray pyrolysis
50
, electroplating,
51
 and 
ion-exchange deposition have been utilized for decades on the industrial scale. All these methods 
involve introduction of a solution of the chemical precursor to the reaction space, induced 
decomposition (usually by heat, although other stimuli can be used), and removal of the excess 
precursor and byproduct.  
A solution-mediated process has been proposed for the deposition of organic/inorganic 
composite materials as high-k dielectric metal oxide films.
52
 Epitaxial core-shell nanoparticles, 
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which have attracted considerable attention in the solar energy field, have been synthesized in a 
solution process which is more facile and inexpensive than using MBE or CVD.
53
 The conformal 
coating of components with high aspect features, which has previously been squarely in the 
realm of CVD processes, can in some cases be accomplished by solution methods.
54
  
 A solution-phase nanosoldering process is advantageous in several ways. Aside from the 
practical convenience, a solution-based fabrication technique allows more control over the 
chemical processes involved and sometimes provides chemical specificity and patterning 
capability.
55
 Solution-based chemical processes often takes place at a low temperature, which 
allows treatment on more delicate substrates.  
A significant advantage of solution deposition methods is the multitude of available 
precursors. When selecting an appropriate precursor, the minimum requirements are (1) that the 
precursor cleanly produces the desired material and (2) the byproducts can be removed using an 
available mechanism, such as dissolution or air flow. These relatively easily-satisfied criteria 
allow the exploration of many compounds for nanomaterial deposition that could not be used as 
CVD precursors. Other factors, such as the commercial availability and air stability, which are 
not typically characteristic of volatile metal precursors, may also be available in solution-based 
deposition.  
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Figure 4.5. Schematic diagram of the proposed solution-mediated nanosoldering experiments 
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Experimental design. The solution-based nanosoldering experiments are carried out by 
dissolving the chemical precursor in a volatile organic solvent. The solution is then coated on the 
device substrate either by spin-coating. The solvent evaporates during the process to afford a thin 
film of precursor on top of the substrate. The substrate is nanosoldered by flowing a current 
across the device using a commercially available probe station, either in air or in a vacuum 
chamber, depending on the characteristics of the precursor species. In the probe station, the 
electrodes can be re-configured to interrogate several devices without venting the system. After 
the nanosoldering step, the unreacted starting material as well as the byproduct left from thermal 
decomposition are rinsed away with clean solvent. The sample is then subjected to various 
characterizations to determine the improvement post treatment (Figure 4.5). In the following 
sections, we describe the use of palladium and carbon precursors in the solution-phase 
nanosoldering experiments, on both carbon nanotube networks and graphene devices. 
Solution nanosoldering with CpPd(allyl). In the previous section, CpPd(allyl) was 
effective in the nanosoldering of CNT devices by a gas-phase CVD method. Here, the precursor 
was applied to a CNT network as a solution in chloroform, which was allowed to evaporate in 
air. After the nanosoldering step, the excess precursor and byproducts were removed by washing 
with the same solvent. Figures 4.6a-b shows the SEM images before and after the treatment. 
The after image shows high contrast spots due to the deposition of metallic palladium at some 
intertube junctions as well as along the lengths of some tubes. The ex situ current-voltage graph 
indicates that the device has become metallic after treatment (Figures 4.6c-d). We believe this 
undesirable feature is a result of the air sensitivity of CpPd(allyl), which decomposes in air to 
afford randomly dispersed deposits across the CNT network and shorted out the device. 
Therefore, we turned to other Pd precursors.  
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Figure 4.6. SEM images of the high density CNT network devices (a) before and (b) after 
nanosoldering in air with a chloroform solution of CpPd(allyl). I-V graph of solution 
nanosoldered CNT network device in (c) linear and (d) semilog scale. The device was treated 
with 33 mg/mL solution of CpPd(allyl) in chloroform. 
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Characterization of Pd2(dba)3 as a nanosoldering precursor. For an open-to-air process, 
the Pd precursor should either contain a zerovalent metal center or have a mechanism to reduce 
the metal center during a thermal decomposition process. For this reason, the zerovalent 
compound Pd2(dba)3, where dba = dibenzoylacetone, was selected as a palladium precursor. This 
compound can be handled in air, and is soluble in common organic solvents such as chloroform. 
It is widely used as a palladium source in cross-coupling
56
 and alkene hydrosilation
57
 reactions. 
A previous study suggested that Pd2(dba)3 forms PdO upon heating based on 
thermogravimetric analysis.
58
 To verify this, sample of Pd2(dba)3 was heated under nitrogen in a 
TGA instrument; the onset of mass loss occurred at ~180 °C, followed by a gradual decrease 
until the mass plateaued at 23% at ~450 °C (Figure 4.7a). The final mass corresponds to the 
production of PdO, but is also consistent with Pd(0) with some carbon contamination.  
These two alternatives were tested by XPS. Ex situ films were deposited by drop-casting 
a dichloromethane solution of Pd2(dba)3 onto a silica substrate. One film was heated to 250 °C in 
vacuum, one was heated in air, and a control sample was stored in air at room temperature. Each 
sample was rinsed with the reaction solvent to remove the byproducts and excess reactant before 
analysis by XPS. The control sample showed weak signals at binding energies that correspond to 
PdO and PdO2 that very likely are present as impurities in the commercial reagent (Figure 
4.7c).
59
 The sample that was heated in air exclusively contained PdO (data not shown), which is 
consistent with previous reports. Literature values for Pd 3d
5
/2 peaks are in the range of 335.0 to 
335.7 eV while PdO are between 336.0 and 337.0 eV. In sample that was heated in vacuum 
contained predominantly metallic Pd (Figure 4.7d).
60
 These results suggest that Pd2(dba)3 is a 
suitable chemical precursor for solution nanosoldering, provided that the heating step is 
conducted in vacuum. 
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Nanosoldering of CNT networks using Pd2(dba)3. Based on the thermal analysis results, 
nanosoldering experiments on CNT networks were carried out by spin-casting Pd2(dba)3 from a 
chloroform solution, and then heating the junctions under vacuum by applying voltage between 
the two electrodes to pass current across the device using the vacuum probe station. After the 
nanosoldering step, the excess reagents were removed by rinsing the samples with chloroform 
and then air drying before the devices were characterized in air. There was no noticeable change 
in the transfer characteristics of the control devices (Figure 4.8b), which suggests that no 
significant decomposition of metal precursor takes place without applying a voltage. In addition, 
unlike the highly air sensitive CpPd(allyl) species, the Pd2(dba)3 precursor solution could be 
made days in advance without problem. 
The transport characteristics of the nanosoldered samples post treatment showed a typical 
ION/IOFF improvement factor of 6 to 8, which is comparable to the upper range of the CVD 
nanosoldering method (Figure 4.8a). Improvement factors as large as 28 have been observed. 
Also consistent with the CVD nanosoldering experiments was the unsuccessful attempt to locate 
any Pd deposits on the network by electron microscopy. Again, it is likely that only a small 
amount of palladium is necessary to diminish the effect of resistive heating in these devices.  
The results show that solution-based nanosoldering can employ nonvolatile precursors 
such as Pd2(dba)3. However, the necessity to conduct the nanosoldering step in vacuum is a 
drawback of this precursor. It would be desirable to identify alternative methods that could 
undergo solution-based nanosoldering under ambient conditions.   
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Figure 4.7. Bulk film deposition experiment to test Pd2(dba)3 as a palladium precursor for 
solution-based nanosoldering. (a) Thermogravimetric analysis and its molecular structure (inset). 
(b) XPS survey scan of a bulk film deposited by the drop-cast method. (c) XPS scan of the 
control experiment showing the binding energy range of palladium. (d) Same scan in (b) in at the 
palladium binding energy range.   
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Figure 4.8. (a) Transfer characteristics of a CNT network device before and after the solution 
nanosoldering treatment with Pd2(dba)3 under vacuum. (b) Transfer characteristics of a control 
CNT device in which the precursor was applied and rinsed away without passing current through 
the network. Inset shows a representative SEM image of a CNT device used in this experiment.  
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Solution-based nanosoldering using carbon-based precursors. To demonstrate the 
versatility of the solution-based nanosoldering technique, 1,3,5-tris(2-bromophenyl)benzene 
(TBB) was selected to deposit carbon as a potential nanosolder material. Brominated aromatic 
species have been utilized as chemical precursors for graphene with predetermined width and 
defect sites. For example, atomically precise graphene nanoribbions (GNR) were formed with a 
bromine-substituted bianthracene species.
61
 In this case, the GNR material is formed through a 
radical mechanism. Dehalogenation takes place at about 200 °C to form C-C bonds and at higher 
temperatures (ca. 400 °C) intramolecular cyclodehydrogenation occurs to form the extended sp
2
 
structure. An isomer of TBB—1,3,5-tris(4-bromophenyl)benzene—exhibits similar coupling 
processes.
62
 
To prepare the samples, a thin film of TBB was spin-coated onto the substrate from a 
chloroform solution. In initial nanosoldering experiments conducted in air, gate voltage was set 
in the “on” position while the drain voltage was increased gradually, as the nanosoldering 
experiments were typically carried out. However, the main result was that the resistive heating 
simply caused the TBB to sublime away from the near-junction regions. (Figure 4.9b). The 
desorbed spots are significantly larger than the resistive junctions themselves. 
By using a higher initial drain voltage, the junction temperature can be increased to 
induce the TBB to react rather than desorb. In these experiments, some desorption still takes 
place because some spots on the device are cooler than the threshold temperature required for the 
reaction. At these higher temperatures, nanosoldering takes place that increases the ION/IOFF ratio 
by an average factor of 10 and as much as 34 (Figure 4.9c). The result is of interest because the 
deposition of amorphous carbon does not explain the large improvements in the transport 
characteristics observed in some of the samples. It is possible that a covalent network of sp
2
 
130 
 
carbon atoms is formed to bridge the two CNTs at the heated junction. Investigation of this 
hypothesis is currently underway.
63
 
Solution-based nanosoldering experiment on graphene devices. To explore the utility of 
the nanosoldering technique, we investigated its ability to improve the I-V characteristics of 
polycrystalline graphene devices. As discussed in the introduction section of this chapter, single 
crystalline graphene have high tensile strength and electrical conductivity, making them 
excellent candidates for transparent and flexible electrodes. However, large areas of single 
crystalline graphene are very difficult to produce. Instead, high quality polycrystalline graphene 
can be inexpensively grown via a CVD process and manipulated through well-established 
transfer techniques. However, the grain boundaries between various crystalline domains produce 
resistive defect sites analogous to the junctions in CNT networks. We hope to trigger localized 
deposition of metallic material on these grain boundaries using the principles and experimental 
design that are successful for the CNT nanosoldering process. 
The devices used in this experiment consist of two palladium electrodes bridged by a 
sheet of polycrystalline graphene on top of a SiO2 substrate. For the deposition, a chloroform 
solution of CpPd(allyl) was spin-coated onto the substrate. The nanosoldering was conducted in 
air, and then the samples were rinsed with solvent to remove the excess material. The electrical 
characterization of the device was carried out under vacuum. This is because oxygen doping 
shifts the inflection point on the I-V curve, which is necessary to observe change in transport 
properties, to significantly higher voltages that are often inaccessible without degrading the 
device.
64
 A control sample was prepared that was exposed to all the process steps except for 
passing current through the graphene in the nanosoldering step. 
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The SEM images of the device before and after nanosoldering show visible deposition 
along the grain boundary (Figures 4.10a-b). However, the transport characteristics did not 
improve in these devices. This is likely because nanosoldering from CpPd(allyl) in air produces 
PdO instead of metallic palladium. Transport characteristics are shown in Figures 4.10c-d. In the 
case of graphene, the desirable changes would be an increased slope in both the IG-VG and IG-VD 
graphs, which corresponds to an increased conductivity. The control sample shows negligible 
change in the transport characteristic, except for the slight shift in the inflection point that was 
likely due to the increased doping during the annealing step.  
Raman spectra were obtained for the control devices. The intensity of the D-band at 
about 1350 cm
-1
, which corresponds to the concentration of defects, did not change after the 
treatment.
65
 In fact, the feature becomes more symmetrical possibly due to the elimination of 
volatile contaminants during the annealing steps. This result shows that the conditions associated 
with solution-based nanosoldering do not damage the graphene device.  
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Figure 4.9. (a) Molecular structure of the chemical precursor used to deposit amorphous carbon. 
(b) SEM image of a CNT network device post nanosoldering treatment. The circular features 
correspond to hot spots where the precursor was removed by sublimation. (c) Transport 
characteristics after treatment. On average the Ion/Ioff was improved about 10x. (d) SEM image of 
the CNT network device post nanosoldering treatment shown in (c).   
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Figure 4.10. SEM image of the graphene device (a) before and (b) after solution nanosoldering 
treatment with CpPd(ally) in air. Circled areas highlight the deposition along grain boundaries. 
(c-d) Transfer characteristics of the graphene device after nanosoldering treatment in the control 
experiment. Raman spectra of the graphene device (e) before and (f) after the control experiment. 
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5. Conclusions 
A new technique was developed to selectively deposit metallic “nanosolder” in a bottom-
up manner to heal the resistive junctions in carbon nanotube (CNT) network devices. In CVD 
nanosoldering, the resistive sites are heated by passing a current across the device in an 
atmosphere of the chemical precursor vapor. Localized deposition takes place to generate 
metallic materials at the heated spots, improving overlap of the CNTs and the overall transport 
characteristics of the device. These experiments also highlight the correlation between device 
performance and the selection of chemical precursor. Nanosoldering is more effective when the 
deposited material has a work function that is close to the individual CNTs. With a significant 
mismatch, no improvement is observed although the deposition does take place. 
The same principles were used to develop a solution-based nanosoldering process, in 
which the precursor is introduced by spin-coating rather than by gas phase exposure. The 
nanosoldering experiment can be performed using a commercially available probe station both in 
air and under vacuum. This technique allows the use of nonvolatile precursor and increases the 
scalability of the process.  
Finally, nanosoldering experiments were conducted on polycrystalline graphene devices. 
The results show that the graphene device did not degrade during the process and that deposition 
took place along resistive grain boundaries. These results suggest that solution-based 
nanosoldering technique could be expanded to improve the electrical characteristics of other 
nanomaterials and devices.  
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6. Experimental 
All syntheses were carried out in vacuum or under argon using standard Schlenk 
techniques. Pentane and tetrahydrofuran were distilled under nitrogen from 
sodium/benzophenone immediately before use. Methanol was distilled under nitrogen from 
magnesium turnings with a catalytic amount of iodine immediately before use. Anhydrous PdCl2, 
NaCl, allyl chloride, and NaBH4 were purchased from Aldrich; HfCl4 was purchased from Strem. 
All commercial reagents were used without further purification. Pd2(dba)3 was purchased from 
Aldrich and recrystallized from dichloromethane before use. NaCp,
66
 CpPd(allyl),
67
 Hf(BH4)4,
68
 
and 1,3,5-tris(2-bromophenyl)benzene
69
 were synthesized as reported. CNT network,
2
 CNT 
crossbar,
39
 and graphene
33
 growth and device fabrication
70,71
 were conducted by J.-W. Do using 
published methods.  
XPS data were collected on a Kratos Axis ULTRA instrument at the Materials Research 
Laboratory Center for Microanalysis and Materials. SEM images were collected on a Philips 
XL30 ESEM-FEG instrument equipped with EDAX light-element EDS capabilities at the 
Beckman Institute Imaging Technology Group. 
CVD apparatus. The gas delivery system to our home-built CVD chamber consists of 
precursor reservoirs, two leak valves, and a stainless steel capillary doser. The flow was 
regulated by the leak valves and delivered to the sample through a stainless steel tube pointing 
directly at the CNT devices at a distance of about 2 cm. Before the CVD experiments, the 
precursors were kept in sealed stainless steel and glass containers under argon and stored in a 
refrigerator at -20 °C. During the experiments, the precursors were maintained at either 0 °C or 
at room temperature in order to achieve total pressure of ~10
-4
 Torr in the CVD chamber. 
136 
 
 Electrical measurements of CVD nanosoldering experiments. All dc electrical 
characterizations were performed with an HP 4155A semiconductor parameter analyzer. In 
calculations of the ION/IOFF ratio, the value for ION was measured from the forward sweep at a 
constant VGS gate overdrive (VGS – VTH,FWD = -10 V) and the value of IOFF was defined to be the 
minimum IDS from the same transfer curve. For devices with VTH,FWD < -5 V, ION was defined to 
be IDS at VGS = -15 V, and a constant VGS gate overdrive was used between VGS = -15 V and 
VTH,FWD for samples both before and after metal deposition. This approach compares all devices 
at similar charge densities and reduces variability due to VTH shift, and thus allows for a better 
comparison of performance across different devices. For devices with IOFF lower than the 
measurement limit, the value of IOFF was defined to be the average of the currents in the off state 
below VTH. 
Solution deposition of Pd film for XPS investigation. The substrates (~5 × 5 mm SiO2 on 
Si) were cleaned by rinsing with acetone, hexane, and dichloromethane and dried under an air 
stream. About 10 µL of Pd2(dba)3 solution (2 mM) was drop-cast onto the substrate and solvent 
was evaporated in air. The sample was then placed in a glass vial that either was left open to air 
(control and in air deposition) or was sealed with a gas inlet connected to a vacuum manifold 
(vacuum deposition). The vials were heated to ~250 °C at 2.5 °C/min in a sand bath either at 
atmospheric pressure (air deposition) or at about 0.1 Torr (vacuum deposition); the control was 
stored at room temperature in atmosphere for the length of the experiment. After the samples had 
cooled to room temperature, each substrate was rinsed with dichloromethane, dried in an air 
stream, and stored in air at room temperature before characterization. 
Electrical measurements of solution nanosoldering experiments. All dc electrical 
characterizations were performed by a Keithley 4200-SCS semiconductor analyzer system for in-
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air measurement and used in conjunction with a JANIS vacuum probe station for measurements 
done in vacuum. The vacuum probe station was connected to a turbo pump that kept the pressure 
between 10
-6
 to 10
-5
 Torr. The values of ION and IOFF were determined in the same way described 
previously for the CVD experiments. 
 Solution nanosoldering experiments. Electrical measurements of each device were taken 
before deposition. A chemical precursor was introduced by spin-coating a saturated solution in 
an organic solvent onto the whole substrate in a clean room. To perform nanosoldering, current 
was passed through each device by forming a contact between the source and drain probes of the 
probe station and the device electrodes. After the nanosoldering step, byproducts and excess 
precursor were removed by rinsing the sample substrate with clean solvent after the experiments, 
after which spectroscopic characterization and imaging could be done. Ex situ electrical 
measurements of CNT devices were collected in air whereas those of graphene devices were 
collected in vacuum. 
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CHAPTER 5. Mechanistic study of the formation of tris(N,N-dimethylaminodiboranato)-
neodymium by 
11
B NMR spectroscopy  
 
1. Introduction 
One of the most common and useful reactions in inorganic chemistry is the salt 
elimination reaction—also known as a salt metathesis reaction—which is one variety of the 
larger class of transformations known as double decomposition or double replacement reactions. 
In a typical salt elimination reaction, a metal derivative of one reagent (MA) is treated with a 
halide derivative of a second (BX) to form the desired product (AB) and salt (MX):  
MA + BX → AB + MX↓ 
Often, the salt MX precipitates from the solvent in which the reaction is carried out, and the 
insolubility of the salt byproduct is regarded as an important factor in the overall driving force 
for the reaction.1-7 For this reason, simple solubility trends can be used to guide the choice of 
reagents in salt elimination reactions. For example, alkali metal halides such as NaCl are popular 
choices as the elimination product in organic solvents; silver and thallium reagents are 
sometimes used in aqueous reactions instead owing to the low solubilities of their halide salts in 
water and other solvents.8-10 Salt elimination reactions are so common that, as far as we are 
aware, they have not been the subject of a review in the last 100 years, and often are employed in 
reaction sequences without comment. 
It is generally assumed that the products in salt elimination reactions are formed in the 
initial reaction mixture, and that the workup procedure simply separates the desired product from 
the eliminated salt. This assumption is particularly alluring if the workup procedure merely 
involves removing the reaction solvent and treating the solid residue with an innocuous 
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extractant such as a saturated hydrocarbon. Here we discuss an interesting counterexample to this 
expectation. 
Our group has recently reported that the reaction of a lanthanide trichloride in 
tetrahydrofuran with 3 equivalents of sodium N,N-dimethylaminodiboranate, followed by 
removal of the solvent and extraction with pentane, affords solutions from which the 
corresponding tris(N,N-dimethylaminodiboranate)lanthanide complex, Ln[(BH3)2NMe2]3(thf), 
can be isolated by crystallization in good (often 50-70 %) yield (Scheme 5.1). These complexes 
can be easily desolvated to form the homoleptic Ln[(BH3)2NMe2]3 species, which are highly 
volatile and useful precursors for the chemical vapor deposition of lanthanide-containing thin 
films.11 In particular, they can be used to grow lanthanide oxide (Ln2O3) thin films,
12 which are 
of technological interest as high-κ dielectric materials13 in silicon based CMOS devices.14,15  
 
Scheme 5.1. Typical synthesis of LnL3(thf), where L = [(BH3)2NMe2]
-. 
Recently, our group reported the first synthesis of the unsubstituted sodium 
aminodiboranate, Na[(BH3)2NH2].
16 Metal complexes of this anion could be especially attractive 
CVD precursors because they are free of carbon, and thus would naturally lead to the deposition 
of thin films free of this contaminant.17-19 However, Ln[(BH3)2NH2]3(thf)x complexes cannot be 
synthesized by the procedure that works for the N,N-dimethyl analogs Ln[(BH3)3NMe2]3(thf) 
described above.  
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In order to understand the difference in reactivity between Na[(BH3)2NH2] and 
Na[(BH3)2NMe2] and possibly develop a synthetic route to Ln[(BH3)2NH2]3 complexes, we have 
investigated the formation of Ln[(BH3)3NMe2]3(thf) by proton-decoupled 
11B NMR 
spectroscopy. In the course of the investigation, we discovered that the reaction mechanism is 
not as simple as the reaction stoichiometry above would suggest. Although the text below 
focuses on the reactions of a representative lanthanide element, neodymium, the findings 
probably apply to all the lanthanide metals. 
 
2. Results and Discussion 
Treatment of neodymium trichloride, NdCl3, with 3 equivalents of sodium N,N-
dimethylaminodiboranate (which we will refer to as NaL) in tetrahydrofuran for 15 h afforded a 
blue solution. Removal of the solvent and extraction of the resulting residue with pentane gave a 
purple-colored solution with a single 11B{1H} NMR resonance20 at δ 106, which is assignable to 
the trisubstituted compound NdL3(thf) (Figure 5.1a).
11 This chemical shift is identical to that 
seen when isolated samples of NdL3(thf) are dissolved either in pentane or in tetrahydrofuran. 
The 11B NMR chemical shift of this species is affected by the paramagnetic nature of f3 NdIII 
center; for comparison, the chemical shift of the diamagnetic sodium salt NaL is δ -10.21,22 The 
reaction seemed to proceed nearly quantitatively, although the isolated yields of the NdL3(thf) 
product by crystallization are typically 50-70%. These observations are consistent with the 
expectation that NdL3(thf) is generated in the initial reaction solution, and that no further 
changes in speciation occur upon workup. 
Interestingly, this expectation was not supported spectroscopically. The 11B NMR 
spectrum of the reaction mixture of NdCl3 and NaL in thf contained no resonance at δ 106 for the 
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trisubstituted product NdL3(thf), even after the reaction mixture had been stirred for 7 days. 
Instead, a broad peak at δ 43 was observed due to another neodymium-containing species 1 in 
addition to a strong resonance at δ -10 due to unreacted NaL (Figure 5.1b). This result indicated 
that the final product NdL3(thf) is not formed upon combining the two reactants—as is typically 
expected in salt elimination reactions—but instead is formed during a subsequent step in the 
reaction workup procedure. To further understand the mechanistic details of this reaction, we 
investigated two issues: (1) the identity of the intermediate species 1 at δ 43, and (2) at which 
point the final NdL3(thf) product is formed.  
Identification of intermediate species. In the NMR spectrum of the crude NdCl3 + 3 NaL 
reaction solution in thf, the peak due to unreacted NaL has about twice the integrated area as that 
due to 1, which suggests that only one equivalent of NaL has reacted with NdCl3 to form the new 
neodymium aminodiboranate species 1. To obtain support for this conclusion, we treated NdCl3 
with only one equivalent of NaL in thf. The 11B{1H} NMR spectrum of this mixture shows a 
significant peak at δ 43 due to 1 but essentially no NaL (Figure 5.1c). This result supports the 
contention that 1 has the stoichiometry NdLClx(thf)y. Whether 1 is a cation, an electrically 
neutral complex, or an anion depends on the number of halide ligands bound to the metal center. 
Similar results were obtained in analogous reactions of the iodide starting material 
NdI3(thf)3.5 and 3 equivalents of NaL in thf. The 
11B{1H} NMR spectrum of the crude reaction 
mixture contains no peak at δ 106 due to NdL3(thf), but instead contains a resonance at δ 125 due 
to another neodymium-containing species 2 in addition to a peak at δ -10 due to unreacted NaL, 
again in about a 1:2 ratio. Removal of the solvent and extraction of the residue with pentane 
affords the desired product NdL3(thf) in good yield. Therefore, the reactions of Nd trihalides 
with NaL proceeded by the same pathway irrespective of the nature of the halide.  
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Attempts to isolate 1 (or its iodo analogue 2) from the reaction mixtures have so far been 
unsuccessful. Therefore, other strategies to establish their compositions have been employed. In 
order to determine the number of halide ligands bound to the Nd center, we carried out 
experiments in which both chloride and iodide ions were present. Because the reaction pathway 
does not depend on the identity of the halide, it should be possible to determine the number of 
metal-bound halides in the NdLXx(thf)y species by counting the number of 
11B{1H} NMR peaks 
due to neodymium-containing species; we have previously employed this approach with success 
in other chemical systems.23 Specifically: (1) if only two species are present, one must be the 
neodymium chloro complex and the other the iodo complex, and the Nd centers must bear only 
one halide ligand; (2) if three species are present, one must be the neodymium dichloro complex, 
one must be the chloro-iodo complex, and the other must be the diiodo complex, so that the Nd 
centers must bear two halide ligands; (3) if four species are present, then the Nd centers must 
bear three halide ligands, etc.  
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Figure 5.1. Room temperature 11B{1H} NMR spectra of the solutions obtained from the reaction 
of NdX3 with NaL (L = [(BH3)2NMe2]
-) under various conditions. The thf molecules are omitted 
from the formulas for clarity. Lpip = piperidyldiboranate; asterisks indicates hydrolysis products.  
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The mixed-halide experiment was carried out in two ways. First, an equimolar mixture of 
NdCl3 and NdI3(thf)3.5 was treated with 2 equivalents of NaL in thf for 16 h. The 
11B{1H} NMR 
spectrum of the resulting mixture showed three resonances due to Nd-containing complexes 
(Figure 5.1d): one at δ 43 due to the all-chloro species 1, one at δ 125 due to the all-iodo species 
2, and a third resonance about half-way between these two, at δ 85, which is assigned as a mixed 
halide complex (Scheme 5.2).  
 
Scheme 5.2. Results of the mixed-halide 11B{1H} NMR study. L = [(BH3)2NMe2]
-. 
In a second version of the mixed halide experiment, an equimolar solution of NdCl3 and 
NaL in thf was treated with two equivalents of NaI. In this experiment, the 11B NMR spectrum 
transformed overnight from one similar to Figure 5.1c to that shown in 5.1d, which again shows 
that three species are formed. Thus, we can conclude that the intermediate species 1 and 2 have 
the stoichiometry NdLX2(thf)y in which the Nd centers are coordinated to two halide ligands.  
The number of aminodiboranate ligands coordinated to the Nd centers in 1 was 
confirmed in a similar manner by treatment of NdCl3 with a 1:1 mixture of two aminodiboranate 
anions with different nitrogen substituents, sodium N,N-dimethylaminodiboranate (NaL) and 
sodium piperidyldiboranate (NaLpip). The 11B{1H} NMR spectrum of the resulting thf solution 
showed two peaks: one at δ 43 due to 1 (which bears the ligand L), and one at δ 48 due to a 
second species 1′ that presumably contains the ligand Lpip (Figure 5.1e). The absence of 
resonances due to a third species in this mixture is consistent with the conclusion that only one 
aminodiboranate ligand is bound to the metal centers. From these results, species 1 is established 
to have the stoichiometry NdLCl2(thf)y. 
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Scheme 5.3. Experiment to determine the number of aminodiboranate ligands attached to the Nd 
center in the intermediate 1. 
When is Nd[(BH3)2NMe2]3(thf) formed? The above results demonstrate that treatment of 
NdCl3 with 3 equivalents of NaL in thf results in replacement of only one chloride, giving the 
monosubstituted complex NdLCl2(thf)y. Subsequent removal of the thf solvent and extraction 
with pentane affords the trisubstituted product NdL3(thf) in good yield. These results still leave 
unanswered the question: at what point in the workup is the trisubstituted product formed? There 
are two possibilities: either during the thf removal or during the pentane extraction step.  
In an initial attempt to distinguish these possibilities, we treated NdCl3 in thf with 3 equiv 
of NaL to produce the intermediate species (the NMR spectrum at this point is identical to that in 
Figure 5.1b). The solvent was removed under vacuum and the solid residue was re-dissolved in 
thf. The resulting solution gives a 11B{1H} NMR spectrum identical with that in Figure 5.1b: 
only NdLCl2 and NaL in a 1:2 ratio are seen. If one assumes that the elimination of NaCl is 
chemically irreversible—which seemed reasonable owing to the high lattice energy of NaCl and 
the consequently large thermodynamic driving force associated with its formation—then this re-
dissolution experiment suggests that NdL3(thf) is not formed until the reaction residue is 
extracted with pentane.24 
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Figure 5.2. Solid state 96 MHz MAS 11B NMR spectrum spinning at 15 kHz of (a) crude residue 
from the reaction of NdCl3 with 3 equivalents of NaL after removal of the thf solvent, and (b) a 
purified sample of NdL3(thf). The unlabeled peaks are spinning sidebands due to NdL3(thf). The 
integrations (including the spinning sidebands) suggest that very little (<10%) NaL remains in 
the crude residue. 
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To obtain additional evidence about when NdL3(thf) is formed, we treated NdCl3 with 3 
equiv of NaL in thf, removed the solvent, and obtained a magic angle spinning (MAS) 11B NMR 
spectrum of the resulting solid residue (Figure 5.2). The spectrum contained only one major 
peak at δ 86, which corresponds to the trisubstituted product NdL3(thf), as shown by an 
independent MAS NMR study of purified samples of this latter compound. The ca. 20 ppm 
difference between the chemical shift in the solid state and that seen in solution is consistent with 
the differences seen in heteronuclear NMR spectra of other paramagnetic compounds, and is 
attributed in part to paramagnetic shielding effects and in part to the effect of rotor heating in the 
magic angle spinning experiment (chemical shifts of paramagnetic compounds often being 
strongly temperature-dependent).25-28  
This result provides conclusive evidence that, in the reaction of NdCl3 with 3 equivalents 
of NaL in thf, the NdL3(thf) product is formed upon removal of thf, and that the pentane 
extraction merely serves to separate this species from sodium chloride and other reaction 
byproducts. At first glance, this finding seems inconsistent with the result of the thf re-
dissolution experiment described above. In order to reconcile the two results, it is necessary to 
make following conclusion: removal of thf from the reaction solution gives a mixture of 
NdL3(thf) and sodium chloride, but that re-addition of thf to this mixture reverses the salt 
elimination reaction and regenerates the monosubstituted species NdLCl2(thf)3 and NaL:  
NdL3(thf) + 2 NaCl + (y-1) thf → NdLCl2(thf)y + 2 NaL 
Confirmation that this salt elimination reaction is reversible was obtained by treating a 
crystallized sample of NdL3(thf) with an excess of NaCl in thf. The 
11B NMR spectrum acquired 
after the mixture had been stirred for 1 h showed peaks at δ 43, 86, and 104, which are assigned 
to the monosubstituted complex NdLCl2(thf)3 (1), the disubstituted complex NdL2Cl(thf)y, and 
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trisubstituted complex NdL3(thf), respectively (Figure 5.1g). After the mixture had been stirred 
for 12 h, the only species observable in the NMR spectrum were the monosubstituted complex 1 
and NaL (Figure 5.1h). This result clearly shows that the salt elimination reaction can be 
reversed in thf. In other lanthanide systems, step-wise salt metathesis reactions have been 
described,29,30 and similar equilibrium processes in salt elimination reactions have been proposed 
to exist.31  
These NMR results lead to the conclusion that the monosubstituted species NdLCl2(thf)3 
is a thermodynamic (rather than kinetic) product of the reaction of NdCl3 with 3 equivalents of 
NaL. Its reaction with the two remaining equivalents of NaL to afford the trisubstituted product 
NdL3(thf) and NaCl occurs only after the removal of thf (Scheme 5.4).  
Scheme 5.4. Proposed mechanism of formation of NdL3(thf). 
Thermodynamics of the salt elimination reaction. Why does conversion of the 
monosubstituted product NdLCl2(thf)3 to the trisubstituted product NdL3(thf) occur only upon 
removal of thf? And why is the salt elimination reaction reversible? Normally, one assumes that 
the insolubility of salts such as NaCl in organic solvents helps to drive such reactions.32-35 In fact, 
the solubility of NaCl in tetrahydrofuran is small: 6 mg/L.36 The low solubility reflects the high 
lattice energy of NaCl compared to the interaction of its ionic components with the solvent. 
Tetrahydrofuran coordinates to sodium cations, and many hexacoordinate Na(thf)6 cations have 
been crystallographically characterized.37-39 Despite this fact, NaCl is relatively insoluble in thf 
and thus one must conclude that the solvation of the chloride ions by thf is relatively poor.  
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In salt elimination reactions, however, additional energy terms become important. In the 
present case, lanthanide ions are strong Lewis acids, and are known to form strong bonds to 
halide anions.40 For example, the reaction of sodium pentamethylcyclopentadienide ions with 
lanthanide trichlorides often gives salts of stoichiometry [Na(thf)x][Cp*2LnCl2
-], and conversion 
to electrically neutral Cp*2LnCl species requires special treatment such as refluxing in toluene, 
which drives off the thf and promotes the elimination of the alkali metal halide.41-43 In addition, 
lanthanide ions form strong bonds to thf and other coordinating solvents: in particular, NdCl3 
forms the tetra-adduct NdCl3(thf)4.
44-46  
Quantitative thermodynamic studies would be required to explain why substitution in the 
present case proceeds to the NdLCl2(thf)3 stage and then stops, but some inferences can be drawn 
from the observations above. In each step in this salt elimination sequence, one Nd-Cl bond and 
(evidently) one Nd-thf bond are broken, and the liberated coordination sites are occupied by a 
chelating aminodiboranate ligand. A reasonable explanation of why the salt elimination reaction 
stops after the first step is that each step results in an increase in the strengths of the remaining 
Nd-Cl and/or Nd-thf bonds. Because of these additional energy terms, replacement of subsequent 
chloride-thf ligand pairs after the first pair becomes thermodynamically unfavorable.  
The stability of NdLCl2(thf)3 toward further salt elimination reactions with the 
aminodiboranate anion must be a consequence of (1) the Lewis acidity of the Nd center and its 
affinity for tetrahydrofuran and chloride, (2) the solvation of the sodium ions by tetrahydrofuran, 
and also (3) the thermodynamics associated with replacement of a Cl-thf ligand pair with an 
aminodiboranate anion. Removal of tetrahydrofuran leads to the loss of the sodium solvation 
shell and an open coordination site on the lanthanide center, making NaCl precipitation and the 
formation of the trisubstituted NdL3(thf) thermodynamically favorable.  
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These conclusions suggest that the second and third salt elimination steps should become 
more thermodynamically favorable if the solvent is less able to solubilize the Na cations or 
attach less strongly to the Nd center. This hypothesis was tested by carrying out the reaction of 
NdCl3(thf)2 and 3 equivalents of NaL in diethyl ether, which is less strongly coordinating than 
thf. The reaction solution rapidly changes color from blue to purple, and a 11B{1H}NMR 
spectrum of the solution shows a single intense peak at δ 106 corresponding to the fully 
substituted product NdL3(thf) (Figure 5.3). This experiment strongly supports the contention that 
the solvation of the sodium cations and the strength of the metal-solvent bonds are important 
factors in determining the thermodynamics of all salt elimination reactions. 
Attempted synthesis of Nd[(BH)3NH2]3(thf). With the new insights gained from the NMR 
study, we can now revisit the motivation of the investigation. Initially, the synthesis of 
NdLH3(thf) (where L
H = [(BH)3NH2]
-) was attempted by carrying out by treating anhydrous 
NdCl3 with three equivalents of sodium aminodiboranates NaL
H in thf. This reaction affords a 
blue solution that contains no pentane-soluble material. The 11B NMR spectrum of the reaction 
mixture in thf showed a broad resonance at δ 36 (Figure 5.4a), which we assign to the 
monosubstitued complex NdLHCl2(thf)y, 1′′ (Scheme 5.5). 
 
Scheme 5.5. Attempted synthesis of Nd[(BH3)2NH2]3(thf) produced monosubstituted species. 
In an effort to drive the subsequent salt elimination steps, we repeated the reaction in a 
1:3 mixture of thf and Et2O. After stirring at room temperature overnight, the 
11B NMR spectrum 
of an aliquot showed two major resonances at δ 82 and 96 (Figure 5.4b); the peak heights did 
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not change after extended reaction times. From the previous observations, these peaks are 
assigned to the disubstituted compound NdLH2Cl and the trisubstituted compound NdL
H
3, 
respectively (the chemical shifts are compared with those of the dimethyl analog in Table 5.1).  
Table 5.1. 11B{1H} NMR resonances of various neodymium-aminodiboranate complexes. 
 L = [(BH3)2NMe2]
- L = [(BH3)2NH2]
- 
NdLCl2 43 36 
NdL2Cl 86 82 
NdL3 106 96 
Anhydrous NdCl3 and NaL
H are both relatively insoluble in Et2O, and so little reaction takes 
place between these two reagents in this solvent. However, the reaction of the adduct NdCl3(thf)2 
with 3 equivalents of NaLH in Et2O overnight gives solution whose 
11B NMR spectrum is similar 
to that seen for the thf/Et2O solvent system (Figure 5.4c). Notably, after 48 h, only the peak at δ 
96 due to NdLH3(thf) remains (Figure 5.4d). The purple solution was filtered, and the solvent 
was removed under vacuum to afford a lavender powder. Although efforts to crystallize the 
material have been unsuccessful, the 1H NMR spectrum of the solid is consistent with its 
identification as NdLH3(thf). The NMR observations are summarized in Table 5.2 below. 
Table 5.2. Species observed in the 11B{1H} NMR spectra of the reaction mixtures of indicated 
solvent system and reaction times (LH = [(BH3)2NH2]
-). 
Solvent NdLHCl2 NdL
H
2Cl/NdL3 NdL
H
3 
thf Overnight None None 
1 thf : 3 Et2O None Overnight None 
Et2O (using NdCl3thf2) None Overnight 48 h 
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Figure 5.3. Room temperature 11B{1H} NMR spectrum of a Et2O reaction mixture of 
NdCl3(thf)2 and 3 equivalents of Na(dmadb) after stirring for 1 h. 
 
Figure 5.4. Room temperature 11B{1H} NMR spectra of the reaction mixtures of (a, b) NdCl3 
and (c, d) NdCl3(thf)2 with three equivalents of NaL
H in their respective solvents as indicated 
(LH = [(BH3)2NH2]
-). The peak at δ -20 is due to Na[(BH3)2NH2], the peak at δ -22 is due to a 
NH3·BH3 contaminant,
47 and the peak at δ-30 is assigned to the hydrolysis product µ-
aminodiborane. The thf molecules are omitted from the formulas for clarity.  
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These finding are consistent with the isolation of ErLHCl2(thf)3 recently reported from 
our group.16 The species was obtained by treatment of ErCl3 with three equivalents of NaL
H in 
thf, followed by crystallization directly from thf. In the crystal structure of the ErLHCl2(thf)3, 
there are short intermolecular hydrogen bonds between the N-H groups on one molecule and the 
coordinated chloride ligands of a neighbor, these contact distances are significantly shorter than 
the sum of their van der Waals radii (2.568 Å vs 2.95 Å).48 These hydrogen bonding reactions 
(which are not present in the N,N-dimethylaminodiboranate system) probably are responsible for 
the lack of further substitution of the chloride ligands by NaLH upon removal of the thf solvent.  
 
3. Conclusions 
 The formation mechanism of Nd[(BH3)2NMe2](thf) from NdCl3 and Na[(BH3)2NMe2] in 
tetrahydrofuran has been investigated by 11B NMR spectroscopy. At first glance, the reaction 
seems to be a typical salt metathesis reaction, in which the ligand substitution is driven by the 
precipitation of byproduct salt NaCl from the reaction solvent. However, the NMR results 
suggest that complete substitution of the chloride ligands does not take place in the initial 
reaction solution. Specifically, solvation of sodium cations by tetrahydrofuran and the strong Ln-
Cl interactions hinder the precipitation of NaCl. In fact, under these conditions, the reaction 
reaches a dynamic equilibrium with precipitated NaCl, which is typically considered insoluble in 
most organic solvents. 
The conclusions reached in the Nd[(BH3)2NMe2]3(thf) mechanistic studies have enabled 
us to explain the difficulties encountered in the synthesis of the analogue Nd[(BH3)2NH2]3(thf) 
using thf as a reaction solvent. In the case of the unsubstituted anion [(BH3)2NH2]
-, the lack of a 
strong driving force for the salt elimination reaction in thf, combined with the intermolecular 
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hydrogen bonding between the coordinated chloride and the N-H hydrogen of the 
aminodiboranate ligand (as seen in the crystal structure of Er[(BH3)2NH2]Cl2(thf)3) conspire to 
prevent substitution of more than one of the three chloride ligands on the metal center. But our 
conclusions also led us to a successful synthesis of the trisubstituted Nd[(BH3)2NH2]3(thf) 
compound by employing a less coordinating solvent to decrease the solvation energy terms that 
hinder the reaction from taking place. 
 
4. Experimental 
All manipulations were carried out using standard Schlenk and drybox techniques under 
an atmosphere of dry argon. All glassware was dried in an oven at 150 °C, assembled hot, and 
allowed to cool under vacuum before use. Tetrahydrofuran and pentane were distilled under 
nitrogen from sodium/benzophenone and degassed with argon immediately before use. 
Anhydrous NdCl3 (Strem) was used as received. Literature routes were used to prepare 
NdCl3(thf)2,
49 NdI3(thf)3.5,
50 Na[(H3B)2NMe2],
21 Na[(H3B)2NC5H10],
12 and Na[(H3B)2NH2].
16 
The solution 1H and 11B NMR data were obtained on a Varian Unity 400 instrument at 
400 and 128 MHz, respectively. The solid state 11B MAS NMR data were collected on a General 
Electric GN300WB instrument at 96 MHz. Chemical shifts are reported in δ units (positive shifts 
to high frequency) relative to TMS (1H) or BF3•Et2O (
11B).  
Reaction of NdCl3 with Na[(H3B)2NMe2] in Tetrahydrofuran. Tetrahydrofuran solutions 
of NdCl3 (0.1 mM) and Na[(H3B)2NMe2] (0.3 mM) were combined at 0 °C and warmed to room 
temperature. Aliquots were taken periodically from the blue reaction mixtures, transferred to 
NMR tubes, and examined by 11B and 11B{1H}NMR spectroscopy at room temperature. The blue 
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reaction mixture was taken to dryness under vacuum to yield a purple solid, which was packed in 
a 4 mm Teflon rotor under inert gas and examined using 11B MAS NMR spectroscopy.  
Experiments involving NdI3(thf)3.5 and Na[(H3B)2NC5H10] were conducted similarly. 
Reaction of NdL3(thf) with NaCl in tetrahydrofuran. To a flask charged with NaCl (0.46 
g, 7.9 mmol) and Nd[(H3B)2NMe2]3(thf) (0.40 g, 1.0 mmol) at 0 °C was added tetrahydrofuran 
(15 mL). The purple suspension, which quickly turned blue, was stirred and warmed to room 
temperature. After 1 h, an aliquot was transferred to an NMR tube and examined by 11B{1H} 
NMR spectroscopy at room temperature. The stirring was continued for another 12 h, at which 
point another aliquot was examined by 11B{1H} NMR spectroscopy. 
Reaction of NdCl3(thf)2 with Na[(H3B)2NMe2] in Diethyl Ether. To a suspension of 
NdCl3(thf)2 (0.40 g, 1.0 mmol) at 0 °C in diethyl ether (15 mL) was added a solution of 
Na[(H3B)2NMe2] (0.28 g, 3.0 mmol) in diethyl ether (15 mL). The light blue suspension, which 
quickly turned purple, was warmed to room temperature and stirred for 18 h. The 11B NMR 
spectrum of an aliquot showed the presence of Nd[(H3B)2NMe2]3(thf) and no other significant 
boron-containing species. The mixture was taken to dryness to yield a light purple solid, which 
was extracted with pentane (2 × 15 mL). The purple extracts were filtered and the filtrates were 
combined, concentrated to ca. 10 mL, and cooled to -20 °C to afford large, lavender-colored 
crystals. The mother liquor was concentrated to ca. 5 mL and cooled to -20 °C to yield an 
additional crop of crystals. Yield: 0.17 g (43 %). Analytical and spectroscopic properties are 
consistent with those reported previously for Nd[(H3B)2NMe2]3(thf).
12 
Synthesis of Tris(aminodiboranato)neodymium(III) tetrahydrofuran adduct 
Nd[(BH3)2NH2]3(thf). To a mixture of NdCl3(thf)2 (0.60 g, 1.5 mmol) and Na[(BH3)2NH2] (0.30 
g, 4.5 mmol) was added diethyl ether (20 mL). The initially blue suspension converted to a 
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purple solution with light blue solids after it had been stirred at room temperature for three days. 
The solution was filtered and the filtrate was taken to dryness under vacuum. Attempts to 
recrystallize the lavender solid were unsuccessful. 1H NMR (C6D6, 20 °C): δ 5.72 (br s, 
fwhm = 264 Hz, NH2), 1.09 (s, fwhm = 36 Hz, β-CH2), 0.78 (br s, fwhm = 159 Hz, OCH2), a 
resonance for the BH3 group was not observed. 
11B NMR (C6D6, 20 °C): δ 96 (br s, fwhm = 1392 
Hz). 
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CHAPTER 6. Synthesis and characterization of terbium and erbium amide complexes 
 
1. Introduction 
Trivalent lanthanide oxides (Ln2O3) are of technological relevance due to their useful 
electrical1-3 and optical4,5 properties. An increasingly attractive method to incorporate lanthanide 
oxides into device or components is chemical vapor deposition (CVD), which produces thin 
films by thermolysis of a chemical precursor at a gas-solid interface. The chemical composition 
of the product can often be controlled by the synthetic design of the precursor, selection of co-
reactants, and experimental parameters. CVD is a very powerful method to deposit solid material 
in complex device architecture because of its relatively low reaction temperature as well as the 
ability to coat features of very high aspect ratios.6 However, one of its major disadvantages 
relative to physical vapor deposition methods (such as pulsed laser deposition and sputtering) is 
the need for volatile chemical precursors with controlled thermal decomposition pathways. Due 
to these constraints, far fewer precursors and experiments with CVD have been reported 
compared to PVD.7 
Relatively few lanthanide complexes are volatile at moderate temperatures (<400 °C). 
The reason for this lack relates to difficulty in designing electrically neutral monomeric 
complexes with low-mass, firmly-bound ligands. Lanthanide(III) ions have large ionic radii (117 
to 100 pm across the series) and, with few exceptions, are redox-inactive.8 Lanthanide complexes 
with three monoanionic ligands often are coordinatively unsaturated and consequently 
oligomeric, which renders the species nonvolatile. A strategy to produce monomeric compounds 
is to incorporate additional neutral, Lewis basic donors into the coordination sphere. However, 
although these Lewis base adducts may be stable in the solid state, heating them during the 
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sublimation process often leads to dissociation of the neutral ligands before sublimation can take 
place, and reformation of nonvolatile oligomeric species.9 In order to provide thermally robust 
monomeric species, volatile lanthanide complexes with sterically bulky ligands (alkylamides, 
silylamides) as well as polydentate ligands (β-diketonate, cyclopentadienyls, amidinates, 
guanidates, borohydrides) have been extensively investigated.10-15 
CVD precursors must be able to undergo decomposition pathways that generate thin 
films with the desired composition and purity. The incorporation of undesired contaminants 
becomes a problem when the metal-ligand interactions are too strong compared to the bonds 
within the ligand. For example, films containing substantial carbon impurities frequently result 
from CVD from precursors containing lanthanide-carbon bonds.16,17 Strong metal-ligand 
interactions (such as Ln-O and Ln-X bonds) also increase the reaction temperature, which is 
sometimes incompatible with the substrate.18,19 Similarly, lanthanide complexes of the 
bis(trimethylsilyl)amide ligand, Ln[N(SiMe3)2]3, are volatile and have been explored as ALD 
precursors; however, silicon is always incorporated in the resulting films.20 A number of reviews 
on the development of Ln2O3 CVD precursors and experimental parameters are available.
7,21-24 
We became interested in the possibility of synthesizing volatile lanthanide alkylamide 
complexes, free of heteroatoms such as fluorine and silicon, that may be suitable for CVD 
applications. Of interest in this context is that three lanthanide complexes of the bulky 2,2,6,6-
tetramethylpiperdide (TMP) group have previously been described: these are Ln(TMP)3 
complexes for Ln = Y, La, Ce.25-28 One of these complexes (Ln = La) has been reported to be 
non-volatile; the volatilities of the other two compounds have not been assessed. The reported 
non-volatility of La(TMP)3 is somewhat surprising in light of the fact that Zn(TMP)2 has been 
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examined as a CVD precursor,29 and our research group has found that Mn(TMP)2 and 
Fe(TMP)2 are highly volatile solids.
30 
Here we report the synthesis and characterization two new lanthanide complexes with the 
bulky TMP ligand, Tb(TMP)3 and Er(TMP)3. We find that these complexes can in fact be 
sublimed, and therefore are potentially useful CVD precursors. These complexes add to the very 
small number of lanthanide alkylamide complexes known.31-33  
 
2. Results and Discussion 
Synthesis of Ln(2,2,6,6-tetramethylpiperidide)3, where Ln = Tb and Er. Treatment of 
TbCl3 or ErCl3 with three equivalents of Li(TMP) in toluene afforded the corresponding trivalent 
terbium and erbium tetramethylpiperidide complexes Tb(TMP)3 (1) and Er(TMP)3 (2). The 
products can be isolated by extraction and crystallization from pentane: 
 
Scheme 6.1. Syntheses of novel Ln(TMP)3 complexes 
 Attempts to carry out these reactions using tetrahydrofuran as a solvent were less 
successful. Treatment of NdCl3 with three equivalents of Li(TMP) in thf, followed by removal of 
the solvent and crystallization of the residue from pentane afforded a mixture of red and green 
crystals. This finding is consistent with literature report of the analogous reaction of CeCl3 with 3 
equiv of Li(TMP) in thf which, after removal of the solvent and crystallization of the residue 
from hexane, afforded a mixture of orange-red columns and yellow plates.25 The two types of 
crystals were mechanically separated and identified as Ce(TMP)3 and [Ce(µ-
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OCH=CH2)(TMP)2]2. Evidently, the tetramethylpiperidide anion is sufficiently basic to 
deprotonate the β-hydrogen on thf and trigger a ring-opening reaction. When the stoichiometry 
was changed to 1:5 CeCl3/Li(TMP), the bridging dimer was formed exclusively. 
Syntheses of Ln(TMP)3 for Ln = Pr, Nd, Eu, Gd, Dy, Ho, Tm, and Yb were attempted by 
the same method (stirred in toluene at room temperature for 48 h) that was successful for the Tb 
and Er species. Somewhat surprisingly, no pentane soluble species were obtained from any of 
these reactions, which indicates that no M(TMP)3 species were formed. The apparent difference 
in reactivity across the lanthanide series is unexpected. Lanthanide elements are typically 
assumed to have very similar reactivity, with small variations that stem from the gradually 
decreasing atomic radii (the so-called lanthanide contraction).  
It has been previously been reported that Ce(TMP)3 and Y(TMP)3 react with diethyl ether 
to effect cleavage of the C-O bond and generate the dinuclear ethoxo complexes 
[M(µ-OEt)(TMP)2]2 species.
26 Similarly, we find that an analogous species is formed, 
[Dy(µ-OEt)(TMP)2]2, when the reaction mixture of DyCl3 and LiTMP is extracted with diethyl 
ether (Scheme 6.2). The presence of the ethoxy group is signaled by the C-O stretch at 1094 cm-1 
that is absent in the spectra of the trivalent Ln(TMP)3 species.  
 
Scheme 6.2. Formation of ethoxy-bridged [Dy(µ-OEt)(TMP)2]2 species 
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Two possible mechanisms for the C-O bond cleavage are shown below. The first involves 
the nucleophilic attack of TMP anion at the β-carbon (Scheme 6.3a), which produces the ethoxy 
anion and Et-TMP. A second possible mechanism involves the deprotonation at the γ-position 
followed by elimination of ethylene (Scheme 6.3b).The second possibility is more likely due to 
the steric hindrance of the nitrogen in TMP and the kinetic driving force of ethylene evolution.  
O
NLn X
Ln O
-x
-
+
N
 
 
Scheme 6.3. Possible mechanism of C-O bond cleavage of diethyl ether 
 Volatility and thermal analysis. Although La(TMP)3 was reported to be nonvolatile,
28 
crystallized samples of both 1 and 2 sublime at 120-130 °C and ca. 10-2 Torr; they decompose at 
170-180 °C at atmospheric pressure. Before reaching sublimation or decomposition 
temperatures, however, the crystals exhibit an interesting behavior: when heated steadily, the 
crystals “pop” or jump around beginning at temperatures of about 80 °C in a vacuum and about 
130 °C at atmospheric pressure. In vacuum, the motion continues until all of the material has 
sublimed, leaving behind a very small amount of dark nonvolatile solid.  
Differential scanning calorimetry at ambient pressure shows that no significant thermal 
events occur at these lower temperatures (Figure 6.2), although there are signs of very subtle 
endothermic events starting about 100 °C. A sharp and strong endothermic transition occurs 
(a) 
(b) 
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between 170-180 °C for both compounds, which is consistent with the decomposition 
temperatures seen at atmospheric pressure. It is possible that these crystals exhibit a rare 
phenomenon known as thermosalience, in which extreme strains accumulate inside a crystal 
when it is heated, and then are cooperatively released on a very short time scale.34 The 
phenomenon is similar to the phase transitions seen in the martensitic family of steels. 
Thermosalient species possess a characteristic transition that contains multiple sharp peaks in 
DSC (Figure 6.1). Although the origin of this spiky appearance is unclear, it has been proposed 
to originate from (1) the thermal transition of different crystals from the same sample or (2) the 
mechanical effect of the crystals’ hopping motions. 
 
Figure 6.1. Representative DSC peaks associated with thermosalience transitions in crystalline 
(black) and powder (red) samples. The compounds used are (a) oxitropium bromide and (b) 
(phenylazophenyl)palladium hexafluoroacetonate.34 
The transition shapes and positions of these species vary between samples, suggesting 
that the thermosalience phenomenon is dependent on crystal size distribution. Additionally, the 
signal significantly broadens and in some cases is not observed at all when the sample is 
grounded to form a fine powder. The spiky thermal signature was not observed in the DSC 
results of 1 and 2. It could be due to the way in which the samples are prepared, which involved 
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pressing and sealing the compounds in flat tin capsules. It is very likely that the crystals were 
crushed during this process, obscuring the thermal signature of thermosalience. Alternatively, the 
jumping may be the result of gas evolution (caused either by sublimation or decomposition).  
 An important chemical aspect of CVD precursors is the pathway by which they thermally 
decompose. Dealkylation reactions of tertiary alkoxide, thiolate, and amide ligands have been 
widely investigated.35-38 Specifically, ring-opening dealkylation of TMP was first reported in a 
magnesium complex, and the possible mechanisms were examined in detail by our group.30,39 
The most likely mechanism is deprotonation of a γ-hydrogen on one of the methyl groups, 
followed by scission of the C-C bond next to the nitrogen atom in the TMP ring to generate a 
1,1,5-trimethyl-5-hexenyl substituted imido ligand: =NCMe2-CH2-CH2-CH2-CMe=CH2.
40  
To examine whether a similar ring opening reaction takes place upon thermolysis of the 
two new TMP complexes, we heated crystalline samples of 1 and 2 to 160 °C under argon. In 
both samples, the onset of popping occurred at 120 °C and the solid had turned yellow-brown 
after 30 minutes. The infrared spectra of both samples show small peaks near 3072 cm-1 and 
1648 cm-1, which are assigned to the C=C-H and C=C stretches of a ring-opened TMP ligand.30 
These results suggest that, at elevated temperatures, one of the coordinated TMP ligands 
abstracts a γ-hydrogen atom from one of the methyl groups of an adjacent ligand, liberating 
TMP-H. The resulting intermediate undergoes ring-opening to produce a non-volatile 
decomposition product, probably containing bridging imido ligands. 
The onset of the dealkylation occurs at sufficiently high temperature that sublimation can 
be achieved (specifically, at low background pressures) without significant conversion to the 
ring-opened decomposition product. As a result, the thermal decompositions of 1 and 2 should 
not significantly interfere with their use as CVD precursors.  
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Table 6.1. Calculated parameters from the differential scanning calorimetry experiments. 
 TOnset (°C) TPeak (°C) TEnd (°C) 
Tb(TMP)3 171.6 173.7 174.5 
Er(TMP)3 176.6 178.6, 179.2 
 
  
 
Figure 6.2. Differential scanning calorimetry plots for (a) 1 and (b) 2. 
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Crystal structures. Like the known Ln(TMP)3 complexes of Y, Ce, and La, the two new 
complexes Tb(TMP)3, 1, and Er(TMP)3, 2, both crystallize in the monoclinic P21/n space group. 
The TMP ligands on both 1 and 2 are oriented around the metal centers in a pseudo three-fold 
symmetry. The chairs are oriented in such a way to minimize non-bonding contacts between the 
methyl groups on adjacent ligands. 
The terbium center in 1 is disordered above and below the N3 plane with approximately 
equal site occupancy factors (SOFs). The two terbium sites are located 0.220(2) and 0.138(2) Å 
out of the N3 plane. Similarly, the erbium center in 2 is also disordered above and below the N3 
plane, but the site occupancy factors are not equal. The majority erbium site, with a SOF of 
0.831, lies 0.308(2) Å out of the N3 plane, and the minority erbium site is only 0.060(2) Å out of 
the N3 plane. The larger asymmetry in the out-of-plane distances seen for 2 vs. 1 means that the 
two sites should have a larger energy difference, which is consistent with the larger difference 
seen in the SOFs. In addition, the structures of 1 and 2 were acquired at -100 °C and -173 °C, 
respectively; if the disorder is dynamic rather than static, then the more asymmetric SOFs seen 
for 2 is in part due to the lower temperature and its effect on the Boltzmann statistics. The 9:1 
ratio in SOFs at -173 °C corresponds to an energy difference between the two sites in 2 of only 
0.4 kcal/mol.  
The location of the metal atom out of the N3 plane is also reflected in the average N-Ln-N 
angles of 119.6 and 118.1° in 1 and 2, respectively, which are smaller than the 120° value 
expected for a trigonal planar geometry.  
Trigonal pyramidal MN3 cores are observed in almost all lanthanide complexes of 
silylamide; the origin of this geometry has been discussed elsewhere.41-48 On average, the metal 
center appears to lie ~0.4 Å on either side of the N3 plane.
49 While many explanations have been 
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proposed on the origin of this geometry, the currently accepted hypothesis states that it is the 
result of the β-Si-C agostic interaction between the metal center and the three alkyl substituents 
on the same side of the N3 plane.
43 The coordination geometry is also influenced by the metal’s 
repulsive interaction with the γ-C-H bonds and the low inversion barrier between the two 
occupancy sites.50 
In view of the results above, it is curious that the two previously reported Ln(TMP)3 
structures (Ln = Y, Ce) were described as having the metal center located in the N3 plane. To 
investigate this unexpected difference, structural refinement details of the known Ln(TMP)3 
complexes were examined. For Ce(TMP)3, in contrast to the description in the body of the paper, 
the CIF file reports that the cerium atom is disordered in two position with equal SOFs: one 
situated in the N3 plane and the other about 0.03 Å out of the plane. For Y(TMP)3, the thermal 
displacement parameters of the yttrium center show that U11 is 0.0651, which is about four times 
the values of U22 (0.0158) and U33 (0.0172). The direction of the elongation is perpendicular to 
the N3 plane, which suggests that a disordered model could lead to a better refinement. These 
results indicate that all of the Ln(TMP)3 possess LnN3 cores that are slightly distorted from a 
planar geometry.  
Relevant to the trigonal pyramidal coordination geometry observed in 1 and 2 are the 
short metal-carbon distances of 2.878(3) to 3.002(5) Å to one methyl group on each of the three 
TMP ligands (Tables 6.3 and 6.4). These distances are longer than the 2.3-2.4 Å distances seen 
for Ln-C σ-bonds and the ca. 2.6 Å distances seen for Ln-C-Ln bridging σ-bonds,51 but are in the 
range seen for agostic interactions to lanthanide metals. Agostic interactions are well 
documented in lanthanide complexes,52-54 especially to alkylamide and silylamide ligands,55-57 
and have been cited as one of the driving forces that favor the adoption of pyramidal geometries 
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for three-coordinate lanthanide complexes. These short Ln-C distances may facilitate the 
dealkylation process described in the previous section, as these processes have been proposed to 
go through a metallacycle intermediate.30  
There is evidence, however, that the LnC contacts in these complexes are repulsive rather 
than attractive. Specifically, the hydrogen atoms on the interacting methyl groups are oriented in 
such a way as to maximize the Ln-H contact distances. This situation is similar to that seen in a 
titanium dialkylamide complex, in which a short Ti-C interaction was attributed to steric 
crowding (interligand repulsions) within the coordination sphere.58  
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Table 6.2. Crystallographic data for compounds 1 and 2. 
 1 2 
formula C27H54N3Tb C27H54N3Er 
FW (g mol-1) 579.56 587.99 
λ (Å) 0.71073 0.71073 
crystal system Monoclinic Monoclinic 
space group P21/n P21/n 
a (Å) 7.688(3) 7.7236(5) 
b (Å) 18.240(5) 18.2136(10) 
c (Å) 19.821(7) 19.7386(11) 
β (deg) 93.520(14) 93.794(2) 
V (Å3) 2774.4(17) 2770.6(3) 
Z 4 4 
ρcalc (g cm
-3) 1.388 1.410 
µ (mm-1) 2.567 3.047 
R(int) N/A 0.0801 
max. min. transm. factors 0.4910 / 0.8706 0.4466 / 0.7114 
data/restraints/parameters 7056 / 0 / 301 8465 / 0 / 296 
goodness-of-fit on F2 0.986 1.129 
R1 [I>2σ(I)]a 0.0421 0.0280 
wR2 (all data)b 0.0961 0.0774 
a
R1 = Σ | |Fo| - |Fc| | / | Σ |Fo| for reflections with Fo
2 > 2 σ(Fo
2).  
b
wR2 = [Σ w(Fo
2 - Fc
2)2 / Σ (Fo
2)2]1/2 for all reflections.  
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Figure 6.3. Molecular structure of one of the two disordered components of Tb(TMP)3, 1. 
Ellipsoids are drawn at the 35% probability level. Hydrogen atoms have been deleted for clarity. 
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Figure 6.4. Molecular structure of one of the two disordered components of Tb(TMP)3, 1, 
viewed down the pseudo three-fold rotational axis. Ellipsoids are drawn at the 35% probability 
level. The open dashed lines highlight the short metal-carbon distances and possible agostic 
interactions. 
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Table 6.3. Selected bond lengths and angles for Tb(TMP)3, 1. 
Bond Lengths (Å) 
Tb(1A)-N(1) 2.236(4) Tb(1A)···C(15) 2.969(4) 
Tb(1A)-N(2) 2.210(4) Tb(1A)···C(24) 3.002(5) 
Tb(1A)-N(3) 2.207(4) Tb(1A)···C(6) 2.922(5) 
Tb(1A)-N3 Plane 0.138(2) Tb(1B)-N3 plane 0.220(2) 
    
Bond Angles (deg) 
N(2)-Tb(1A)-N(1) 119.36(17) N(1)-Tb(1A)-C(6) 53.49(12) 
N(3)-Tb(1A)-N(2) 121.45(17) N(2)-Tb(1A)-C(15) 52.45(12) 
N(3)-Tb(1A)-N(1) 118.05(17) N(3)-Tb(1A)-C(24) 52.30(13) 
Symmetry transformation used to generate equivalent atoms: 0.5-x, 0.5+y, 0.5-z. 
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Figure 6.5. Molecular structure of the major disordered component of Er(TMP)3, 2. Ellipsoids 
are drawn at the 35% probability level. Hydrogen atoms have been deleted for clarity.  
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Figure 6.6. Molecular structure of the major disordered component of Er(TMP)3, 2, viewed 
down the pseudo three-fold rotational axis. Ellipsoids are drawn at the 35% probability level. 
The open dashed lines highlight the short metal-carbon distances and possible agostic 
interactions. 
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Table 6.4. Selected bond lengths and angles for Er(TMP)3, 2. 
Bond Lengths (Å) 
Er(1A)-N(1) 2.205(2) Er(1A)···C(8) 2.889(3) 
Er(1A)-N(2) 2.194(2) Er(1A)···C(17) 2.943(3) 
Er(1A)-N(3) 2.204(2) Er(1A)···C(26) 2.878(3) 
Er(1A)-N3 plane 0.308 (2) Er(1B)-N3 plane 0.060(16) 
    
Bond Angles (deg) 
N(2)-Er(1A)-N(1) 118.70(8) N(1)-Er(1A)-C(8) 54.65(7) 
N(3)-Er(1A)-N(2) 117.17(8) N(2)-Er(1A)-C(17) 53.66(7) 
N(3)-Er(1A)-N(1) 118.36(8) N(3)-Er(1A)-C(26) 54.85(7) 
Symmetry transformation used to generate equivalent atoms: 0.5-x, 0.5+y, 0.5-z. 
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3. Conclusions 
The new lanthanide amide complexes Tb(TMP)3 and Er(TMP)3 (TMP = 2,2,6,6-
tetramethylpiperdide) have been synthesized and crystallographically characterized. Both species 
are monomeric and contain trigonal pyramidal LnN3 cores, a conclusion that differs from the 
previous reports of analogous Ln(TMP)3 complexes (Ln = Y, La, Ce). Closer inspection of the 
structural refinements for these latter three compounds suggests that they may also be better 
described as pyramidal rather than trigonal planar.  
Both Tb(TMP)3 and Er(TMP)3 sublime between 120-130 °C at 10
-2 Torr with minimal 
thermal decomposition, although there is some evidence of a ring-opening reaction that leads to 
non-volatile byproducts. Their volatilities make these complexes promising candidates as 
precursors for the CVD of lanthanide oxide and other lanthanide-containing phases.  
 
4. Experimental 
All operations were carried out in vacuum or under argon using standard Schlenk 
techniques unless otherwise stated. Pentane, diethyl ether, and tetrahydrofuran were distilled 
under nitrogen from sodium/benzophenone immediately before use. Toluene was distilled under 
nitrogen from sodium immediately before use. 2,2,6,6-Tetramethylpiperdine (Oakwood 
Products) was vacuum distilled from calcium hydride and stored under argon. TbCl3, ErCl3, and 
DyCl3 were purchased from Strem and used without further purification. Sodium 2,2,6,6-
tetramethylpiperidide was synthesized by a literature method.27 
Elemental analyses were performed by the University of Illinois Microanalytical 
Laboratory. The IR spectra were recorded on a Thermo-Nicolet IR 200 infrared spectrometer as 
Nujol mulls between KBr plates. Differential scanning calorimetry was acquired on a Perkin 
Elmer Diamond DSC instrument and the sample was sealed in a tin capsule under inert 
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atmosphere. Melting points were determined in closed capillaries under argon on a Thomas-
Hoover Unimelt apparatus. 
Tris(2,2,6,6-tetramethylpiperididto)terbium(III), Tb(TMP)3, 1. To a solid mixture of 
terbium chloride (0.51 g, 1.9 mmol) and sodium 2,2,6,6,-tetramethylpiperidide (0.82 g, 5.6 
mmol) was added toluene (30 mL). The light yellow suspension was stirred for 48 h at room 
temperature, during which the reaction mixture became a dark orange suspension. The solvent 
was removed under vacuum and the solid residue was extracted with pentane (3 × 15 mL); the 
yellow filtrates were combined, concentrated to 10 mL, and cooled to -20 °C to yield pale green 
needles that are fluorescent under UV light. Yield: 0.52 g (49 %). Anal. Calcd for C27H54N3Tb: 
C, 55.9; H, 9.4; N: 7.3. Found: C, 55.4; H, 9.4; N, 7.1. Mp: 174 °C (decomp). Sublimation 
temperature: 130 °C at 10-3 Torr. IR (cm-1): 1466 (vs), 1368(s), 1350 (s), 1337 (m), 1284 (m), 
1233 (vs), 1196 (m), 1171 (s), 1128 (s), 1071 (w), 1047 (m), 1010 (s), 979 (w), 955 (m), 936 (w), 
909 (w), 890 (vs), 851 (s), 808 (vw), 747 (sh), 729 (s), 556 (vs), 500 (vs), 421 (m). 
Tris(2,2,6,6-tetramethylpiperidido)erbium(III), Er(TMP)2, 2. To a solid mixture of 
erbium chloride (0.53 g, 2.0 mmol) and sodium 2,2,6,6-tetramethylpiperidide (0.81 g, 5.6 mmol) 
was added toluene (30 mL). The pink suspension was stirred for 48 h at room temperature, 
during which the reaction mixture became a dark orange suspension. The solvent was removed 
under vacuum and the solid residue was extracted with pentane (3 × 15 mL). The orange filtrates 
were combined, concentrated to ca. 15 mL, and cooled to -20 °C overnight to afford pink 
needles. Yield: 0.42 g (39 %). Anal. Calcd for C27H54N3Er: C, 55.2; H, 9.3; N: 7.2. Found: C, 
54.6; H, 9.2; N, 7.1. Mp: 179 °C (decomp). Sublimation temperature: 120 °C at 10-3 Torr. IR 
(cm-1): 1466 (vs), 1369 (s), 1351 (s), 1338 (s), 1284 (m), 1232 (vs), 1197 (m), 1712 (s), 1128 (s), 
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1071 (w), 1048 (m), 1009 (s), 979 (w), 956 (m), 936 (w), 910 (m), 892 (vs), 852 (m), 730 (sh), 
558 (s), 501 (s), 422 (m). 
Bis(2,2,6,6-tetramethylpiperidinato)(µ-ethoxy)dysprosium(III) dimer, [Dy(TMP)2(µ-
OEt)]2, 3. To a solid mixture of dysprosium chloride (0.5 g, 1.9 mmol) and sodium 2,2,6,6-
tetramethylpiperidide (0.81 g, 5.6 mmol) was added toluene (30 mL). The pale yellow 
suspension was stirred at room temperature for 48 h during which the reaction mixture became a 
dark orange suspension. The solvent was removed under reduced pressure and the solid residue 
was extracted with diethyl ether (3 × 15 mL). The yellow filtrates were combined, concentrated 
to ca. 15 mL, and cooled to -20 °C overnight to afford pale yellow blocks. Anal. Calcd for 
C20H41N2ODy: C, 49.2; H, 8.5; N: 5.7. Found: C, 47.8; H, 8.3; N, 5.7. IR (cm
-1): 1465 (vs), 1378 
(s), 1366 (s), 1353 (s), 1340 (m), 1284 (m), 1260 (w), 1232 (vs), 1199 (m), 1172 (s), 1127 (s), 
1094 (s), 1072 (vw), 1047 (vs), 1005 (s), 980 (vw), 954 (sh), 938 (vw), 915 (w), 890 (vs), 852 
(m), 801 (sh), 750 (vw), 728 (s), 557 (s), 550 (m), 502 (s), 547 (w), 424 (w). 
Crystallographic studies.
59 A single crystal of 1 was grown from pentane, mounted on 
glass fibers with Paratone-N oil (Exxon), and immediately cooled to -100 °C in a cold nitrogen 
gas stream on the diffractometer. A single crystal of 2 was grown from pentane, mounted on 
glass fibers with Krytox oil (DuPont), and immediately cooled to -173 °C in a cold nitrogen gas 
stream on the diffractometer. Standard peak search and indexing procedures, followed by least-
square refinement, yielded the cell dimensions given in Table 6.2. Data were collected with an 
area detector by using the measurement parameters listed in Table 6.2. For all crystals, the 
measured intensities were reduced to structure factor amplitudes and their estimated standard 
deviations by correction for background, Lorentz, and polarization effects. Systematically absent 
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reflections were deleted, and symmetry equivalent reflections were averaged to yield the set of 
unique data.  
All structures were solved using the SHELXTL software package, followed by least-
square refinement and difference Fourier calculations. Non-hydrogen atoms were refined with 
independent anisotropic displacement parameters. Hydrogen atoms were placed in idealized 
positions; methyl groups were allowed to rotate about their respective C-X axes to find the best 
least-squares positions. Successful convergence was indicated by the maximum shift-error of less 
than 0.01 for the last cycle of least-squares refinement. Aspects of the refinements unique to each 
structure are detailed below. 
Tb(TMP)3, 1. The monoclinic lattice and systematic absences h0l (h + l ≠ 2n) and 0k0 (k 
≠ 2n) were uniquely consistent with the space group P21/n, which was confirmed by the success 
of the subsequent refinement. The terbium center was disordered over two positions above and 
below the plane that intersects the three nitrogen atoms and was refined with a 0.5 site 
occupancy factors at each position. The largest peak in the final Fourier difference map 
(0.78 eÅ-3) was located 1.22 Å from atom Tb(1A). 
Er(TMP)3, 2. The monoclinic lattice and systematic absences h0l (h + l ≠ 2n) and 0k0 (k 
≠ 2n) were uniquely consistent with the space group P21/n, which was confirmed by the success 
of the subsequent refinement. The erbium center was disordered over two positions above and 
below the three nitrogen atoms and was refined with site occupancy factor of 0.831(9) for the 
major component and a SOF sum of 1.000. The two sites are restrained to possess the identical 
anisotropic displacement parameters. The 002 reflection was obscured by the beam stop and 
omitted from the refinement. The largest peak in the final Fourier difference map (1.39 eÅ-3) was 
located 0.61 Å from atom Er(1B). 
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